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INTRODUCTION TO REPRINT 1963 


The reprinting of C. Judson Herrick’s Neurological Foun- 
dations of Animal Behavior has naturally suggested the 
reprinting of an equally classic and detailed study, namely, 
Physiological Foundations of Behavior. It is fitting and 
proper that these two outstanding books should again be 
made available to the present-day student in the field of 
behavior, for these two scholars, C. M. Child and C. Judson 
Herrick, were gifted in their ability to put to nature proper 
questions concerning the organism's response to its environ- 
ment in development and adult reactions. These questions 
are still with us. The partial answering of these queries by 
Child and Herrick whets one’s imagination to follow through 
in an attempt to clarify the answers. 

The two books were the result of a friendly and co-opera- 
tive collaboration. Child’s book concerns itself with the 
general physiological foundations of behavior while Her- 
rick’s specifically limits itself to the neurological foundations 
and mechanisms of animal behavior. Both go to the roots of 
behavior, which are: 

(1) its genetic aspects, 

(2) its instinctive processes, 

(3) its social situations, 

(4) its modification (learning), which is certainly the 

most practical. 

With the growing interest in behavior ( psychology ) much 
work is now being increasingly undertaken on a greater 
number of invertebrate forms. Since the late Professor Child 
spent most of his scientific career on these lower forms, 
especially the planaria, this reprint will be of considerable 
usefulness to those who are now pioneering in protopsychol- 
ogy. If these lowly forms, according to recent investigation, 
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show the beginning signs of boredom, interest, decision 
making, anxiety, conflict, frustration, rebellion, learning, etc., 
Child’s book, depicting patterns of primary reactions, will 
be invaluable to all who are interested in behavior in this 
fruitful area. The book is not limited in its scope. On wide 
avenues it leads the reader into broad expanses of social 
integration in which the democratic process is placed on a 
natural scientific base. 

It is pleasing, convenient, and profitable to have within 
one book, by one man, a subject treated so thoroughly. 
Without disparaging present-day efforts, some feel that our 
modern symposia frequently lack unity of style and thought. 
Physiological Foundations of Behavior has a rare unity of 
style and content. It was published originally at a time when 
interest in behavior was taking shape. It has not lost either 
its charm or insight. 


Lawrence, Kansas PAUL G. ROOFE 
October, 1936 University of Kansas 


PREFACE 


The work of recent years on the problems of heredity and genetics 
has modified in many ways our conceptions of the mechanisms of in- 
heritance, but has to a large extent ignored the problem of the mech- 
anisms by which particular hereditary potentialities are realized 
as characteristics of particular individuals. Since knowledge of 
heredity and its mechanisms can be attained only through the study 
of individuals, any advanée in our knowledge of the individual and 
its mechanisms must necessarily contribute in one way or another to 
our knowledge of heredity. 

If the organism and the “‘germ plasm” are physico-chemical sys- 
tems, the development of an individual organism in any specific pro- 
toplasm involves an orderly sequence of physiological activities and 
for such activities relations between the protoplasm and its envi- 
ronment are necessary. In recent years students of heredity have 
given but little attention to the réle played by reaction to environ- 
mental factors in the realization of hereditary potentialities in an 
individual organism. If we admit that such reaction is behavior in 
the broad sense, this question is the question of the significance of 
behavior in individual development. And if behavior in this sense 
plays any essential part in individual development, such behavior 
and its effects at any given stage must be concerned in determining 
the behavior of later stages. 

This book is a consideration of the general physiological features 
of individual pattern from the viewpoint of behavior, that is, of re- 
action to environment. The question underlying the whole discus- 
sion is: given the hereditary potentialities of a particular species, 
how are certain of these potentialities realized as characteristics of 
an individual of the species? Current theories of heredity leave us, 
I believe, no other basis than relation and reaction to environment 
on which to formulate an answer in physico-chemical terms to this 
question. The conception of the early stages of the process by which 
hereditary potentialities become real physiological and morphologi- 
eal features of an individual which is developed in this book is based 
on many different lines of evidence and throws light on many prob- 
lems of individual development. Doubtless the advance of our knowl- 
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edge of the physiology of protoplasms will modify in many ways the 
terms in which the conception is stated, but that individual devel- 
opment must be interpreted in terms of reaction to environment of 
a specific protoplasm cannot, I believe, be denied without ignoring 
many facts. 

The book is a further development of the views advanced in Chap- 
ter IX of “Senescence and Rejuvenescence,” “Individuality in Or- 
ganisms’”’ and “The Origin and Development of the Nervous Sys- 
tem.” Chapters I-VI are concerned with a general discussion of 
organismic pattern and integration. Chapters VII-X comprise a 
new presentation of the evidence for the conception of physiologi- 
cal or metabolic gradients. This presentation is made necessary by 
the progress of investigation since the publication of ‘ Individuality 
in Organisms” in 1915. Chapters XI-XV are concerned with various 
aspects of physiological integration in the individual in their rela- 
tion to environment. And finally in Chapters XVI and XVII the 
idea is developed that social integration as a reaction process among 
human beings is in many respects very similar to physiological in- 
tegration in the development of the individual. 

The appearance of the book at the present time and in the present 
form is due in some measure to the suggestion of my colleague Dr. 
C. J. Herrick that we should collaborate in some way in a discussion 
of the foundations of behavior in organisms. This collaboration 
has turned out to be the writing of two books, this one concerned 
with the general physiological foundations of behavior, the other, 
with the neurological foundations and mechanisms of behavior in 
animals. The two books are primarily concerned with different as- 
pects of the problem of individual behavior and in that respect are 
in large measure independent and there has been no sacrifice of per- 
sonal views for the sake of unity. Nevertheless, they are conceived, 
and it is hoped, may be accepted as a collaborative study of some of 
the fundamental factors in organismic behavior. 

To many of my colleagues and co-workers I am deeply indebted 
for suggestions and criticisms and the use of data and figures: first 
of all to Dr. C. J. Herrick for repeated reading of the manuscript and 
for many suggestions and criticisms; to Dr. W. C. Allee, Dr. A. W. 
Bellamy and Dr. L. H. Hyman for reading and criticism of the man- 
uscript; to Mr. J. N. Gowanloch for permission to make use of un- 
published data and figures. I take this opportunity of expressing 
my appreciation of the work of the artist, Mr. Kenji Toda, in the 
redrawing of a number of figures. 
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For permission to reproduce published and copyrighted figures ac- 
knowledgments are due to the following publishers and authors: 
Messrs. A. and C. Black; The Carnegie Institution of Washington; 
The Columbia University Press; Henry Holt and Co.; The Univer- 
sity of Chicago Press; Dr. A. W. Bellamy, Dr. Otto Glaser, Dr. R. G. 
Harrison, and Dr. H. 8. Jennings. The sources of all figures repro- 
duced from the work of other authors are indicated in the legends. 


C. M. CHILD. 
Chicago, 
January, 1924. 
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CHAPTER I 
THE PROBLEM 


Each living thing represents an order and unity of some sort main- 
taining itself with more or less success in a changing environment. 
It is the character of this order and unity and its ability to adjust 
itself to a wide range of changes in its environment which place the 
living organism in sharp contrast to the rest of the world. We speak 
of organisms as individuals, meaning that each organism represents 
a more or less definite and discrete order and unity, in other words, 
a pattern, which not only determines its structure and the relations 
of its parts to each other, but enables it to act as a whole with re- 
spect to the world about it. It is this action of the organism as a 
whole with reference to its environment which constitutes its be- 
havior as the term is usually employed. The behavior of the organ- 
ism comprises in fact its reactions and responses to the action of 
environmental factors upon it. Often, however, we limit the term be- 
havior to those reactions which involve movement, or changes in 
movement, whether accomplished by specialized locomotor organs 
as in animals or by growth, changes in turgor, etc., as in plants. 

It may be pointed out in passing that while such reactions of or- 
ganisms constitute a more or less definite reaction group, accom- 
plishing certain results for the organism as a whole, they really 
constitute only a part of the behavior of organisms. Reaction to en- 
vironmental factors by change in rate or kind of metabolism or in rate 
or course of development is just as truly behavior as the motor re- 
action of an animal to light or the movements of pursuit following 
the sight of prey by a carnivore. The conception of the organism as 
a machine which is first constructed and only after completion be- 
gins to function, 7. e., to behave as a machine, has been widely held 
in the past and still has its supporters. According to this conception 
the earlier stages of development are determined by heredity, that 
is to say, the factors concerned in the construction of the machine 

1 


2 PHYSIOLOGICAL FOUNDATIONS 


are predetermined in the protoplasm, and only at a certain stage of 
development does function in the proper sense begin (Roux, Weis- 
mann. See Chap. XIII). This conception is fundamentally preform- 
istic and fails to take account of the facts of physiology. Actually 
the organism is not at any stage a closed system, but is function- 
ing and behaving at all times as long as it is alive. Reaction to 
environment is occurring at all stages of development, though of 
course the kinds and complexity of reaction differ at different stages 
according to the mechanisms present. Moreover, such behavior or 
reaction is itself a factor in development and therefore in the construc- 
tion of the behavior mechanisms of later stages. The behavior of 
the various developmental stages as well as the specific hereditary 
constitution of the protoplasm is a factor in determining the behavior 
of the fully developed organism. 

When we analyze the behavior of the organism we find that it 
consists of the integrated ! or codrdinated behavior of parts, organs, 
tissues, cells and protoplasms. From this fact it follows that in the 
integration of behavior different degrees, scales, or orders of magni- 
tude exist. Different sorts of protoplasmic behavior are integrated 
into the behavior of cells and different sorts of cellular behavior are 
integrated into the behavior of multicellular organisms. From this 
viewpoint the term ‘‘organismic,”’ which has been used elsewhere 
(Child, ’21 a, p. 3) is as necessary as the term “protoplasmic”? and 
has as definite a meaning. It will be used here, as previously, with 
reference to those particular degrees of integration, order, unity 
which constitute the whole organism as contrasted with its constit- 
uent parts. Organismic behavior is then behavior of the organism 
as a whole as distinguished from the behavior of single parts. 


1 Ritter (’21) maintains that the term “integration” is unsatisfactory for 
biological purposes because of its implications. His argument is essentially that 
what we mean biologically by integration is the antithesis of differentiation, and 
not of disintegration, and he suggests the term “‘conferentiation” as the an- 
tithesis of differentiation in place of the term ‘integration.’ I am unable at 
present to appreciate fully the reason for such substitution. According to my 
point of view, differentation is not biologically the antithesis of integration, 
but a part, a feature, a phase of it, and disintegration is biologically, as 
well as otherwise, the antithesis of integration. If, for example, we call the 
appearance and development of the unity and order which constitute the whole- 
ness of the individual organism a process of integration, differentiation is cer- 
tainly not physiologically the antithesis of this process, but one aspect of it, and 
it is certainly first of alla process of “disintegration” when that individual divides 
into two or more parts or individuals. The disintegration may not be complete, 
or it may be followed by new integrations, but it is none the less a disintegration, 
go far as the original individual is concerned. 
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Behavior is of course not limited to living things. The reactions 
to environment of colloids, electrolytes, molecules, ions, atoms, elec- 
trons are as truly behavior as the driving of an automobile, or com- 
munication by speech or writing. On the other hand, the integration 
of behavior is not limited by the individual organism. Organisms 
may be integrated into social groups of various sorts and orders of 
magnitude and in such groups the behavior of the constituent indi- 
viduals is more or less integrated into the social behavior of the group. 

While it is by no means always possible to predict the behavior of 
a given kind of organism under given external conditions, there can be 
no doubt that the character of the behavior is determined by the 
character of the organism. Organismic behavior presupposes the 
existence of an organism, and is dependent upon the mechanisms 
present in that organism and their pattern of integration. The be- 
havior of an Ameba when exposed to white light of a given intensity 
is different from that of a starfish and this again from that of an 
earthworm. The behavior of a green plant under the same condi- 
tions differs widely from all of these. Such differences in behavior, 
whether of different individuals of the same species, of different 
related species, or of members of widely separated groups have their 
foundation in differences of some sort in the make-up of these differ- 
ent organisms. 

Some of these differences in behavior, e. g., the characteristic differ- 
ences between different species, result from differences in the hered- 
itary constitution of the protoplasms and are stable to a high de- 
gree. Others, particularly some of the individual differences in the 
higher animals and to a still greater degree in man, are individually 
acquired. That is to say, they result from the effects of individual 
experiences determining the realization of potentialities given in the 
hereditary mechanisms. For example, many behavior mechanisms 
are determined in rough outline, so to speak, by hereditary factors 
reacting to a certain environment, but complete their development 
only through use: the bird learns to fly, the child to walk. Again, the 
memory of a past experience alters later behavior: ‘‘the burned child 
dreads the fire.” In such a case the past experience serves merely 
as the factor which determines that among the potentialities of ac- 
tion of the mechanisms a certain one shall be realized. 

In all these cases, however, it is the organism which is behaving 
and the constitution of the organism is the primary factor in de- 
termining the character of the behavior. In short, the problem of 
behavior, considered from the general biological viewpoint, involves 
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the problem of the order and unity, the integration which consti- 
tutes the organism. We cannot go very far in the biological analysis 
of organismic behavior without knowledge of the organism which is 
behaving, and the organism in its relation to behavior appears in 
two different aspects, the physiological and the historical. 

The physiological problem is concerned with the relations between 
protoplasms and organisms and the external world, the processes 
goncerned in development and maintenance of the different parts of 
the organism and the relations between them. Physiology is often 
defined as the study of function, but life and organisms are functions 
of protoplasms in a certain sort of external world. Physiology is 
life viewed as action in protoplasmic substrata, but its task is not 
completed when it has determined all the different actions in all the 
different protoplasmic substrata. It must tell us how these actions 
are related, how they are ordered and integrated into organismic 
mechanisms and how these mechanisms are integrated into what 
we call the organism. The problem of physiology is, in fact, the prob- 
lem of the organism as a physico-chemical action system. 

Elsewhere (Child,’21 a) I have pointed out that the organism rep- 
presents a physiological pattern of a certain sort. This pattern is 
primarily the order and unity which constitutes the organism in 
its simplest terms. As the pattern of a house is different from, and 
on a larger scale than, the patterns of the various materials or parts 
which are integrated in the house, so the pattern of the organism 
is different from, and on a larger scale than, the patterns of its con- 
stituent parts. If the organism is a physico-chemical, and not, as the 
vitalists maintain, a metaphysical unity and order, its primary physi- 
ological pattern is the action system which constitutes the basis 
of this unity and order. Whatever the nature of this primary phys- 
iological pattern, it is evident that it must constitute the physiolog- 
ical basis of the behavior pattern of the organism and the investi- 
gation of the origins of behavior cannot stop short of this problem. 
Organismic pattern represents the first step in the origin of organ- 
ismic behavior since it is the foundation of the order which appears 
in all such behavior. To interpret behavior we must know some- 
thing of the nature and origin of organismic pattern, of the substra- 
tum or materials in which it arises and of the patterns of these 
materials. Such analysis carries us finally to the fundamental concep- 
tions of chemistry and physics. This question of pattern and ma- 
terial has been more fully discussed elsewhere (Child, ’21 a, Chap. I). 

On the other hand, every organism as we know it is a product of 
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evolution and bears in itself the records of its past history, if we 
could read them aright. Its behavior, as well as its structure de- 
pends upon this past history. The organismic mechanisms are char- 
acteristic and constant to a high degree for each particular species 
or kind of organism because of this history. Different kinds of or- 
ganisms arise from different kinds of protoplasm and each such proto- 
plasm must possess a specific constitution handed down from the 
past, 7. e., hereditary. Whatever the réle of environmental factors 
in determining the characteristics of an individual organism, there 
can of course be no doubt that the organismic mechanisms arise on 
the basis of the hereditary substratum and that this determines 
that the organism shall be a certain species or variety of fern, elm, 
snail, fish, or ape. From this viewpoint the problem of behavior in- 
volves the whole problem of evolution as well as that of inheritance. 
This consideration of the physiological and historical aspects of 
the organism presents of course nothing new, but is concerned with 
facts so familiar as to be almost truisms. It serves, however, as a 
basis for emphasizing the fact that biological problems are funda- 
mentally indissociable. The different fields of biological investi- 
gation are merely the different aspects under which life appears and 
as investigation progresses their interrelation becomes more and 
more evident. Every biological problem involves finally all of life 
and the environment of life. The present purpose is the consider- 
ation of one aspect of this interrelation, viz., the significance of 
organismic pattern as a physiological factor in the origin and devel- 
opment of organismic behavior and its mechanisms. This consid- 
eration involves the questions of the nature and origin of organismic 
pattern, of its relations on the one hand, to the specific protoplas- 
mic substratum in which it appears and on the other, to the exter- 
nal world, of the progressive modification and complication of the 
primary pattern in the course of development, and of the bearing 
of the data at hand in these various fields upon the problem of be- 
havior. It is evident that the viewpoint in this consideration must 
be physiological, rather than historical. In other words, we are con- 
cerned primarily with factors and conditions in the development, 
maintenance and relation to environment of the individual organ- 
ism in a protoplasm of specific hereditary constitution, rather than 
with the evolution of this specific constitution. As will appear in 
the following chapters, the recognition and maintenance of this dis- 
tinction is important, particularly as regards the conception of or- 
ganismic pattern to which experimental investigation leads us. 


CHAPTER II 


PROTOPLASMS, ORGANISMS AND ENVIRONMENT 
PROTOPLASMS 


We are accustomed to speak of protoplasm as the substratum 
or seat of life and as if it were fundamentally the same substance in 
all organisms and all organs. At present this is little more than a 
manner of speech, but in carlier times, following recognition of the 
fact that the phenomena of life take place in the more or less fluid 
gel to which the name protoplasm was given, there was a widespread 
tendency, at Icast to speak of protoplasm, as Huxley, for example, 
does repeatedly, as if it were identical in all organisms. This was 
perhaps duc in part to the fact that most of the earlier investigators 
cf the matcrial substratum of life were morphologists rather than 
chemists and were devoting their attention to the general physical 
properties of protoplasms as they appeared under the miscroscope 
and to the naked eye. As regards these properties, many different 
protoplasms show a high degree of similarity and it is not difficult 
to see how the conception of a fundamentally identical molecular 
ccnstitution arose. But we as have come to learn something of the 
chemical and colloidal constitution of this material substratum of 
life, it has become increasingly evident, as Ritter (’19, Chap. V) has 
pointed out, that we have to do, not with a single substance, pro- 
toplasm, but with many different protoplasms, and that no proto- 
plasm is a single chemical individual. At present, even though our 
knowledge of the physico-chemical differences of different proto- 
plasms represents little more than a beginning, no biologist doubts 
that the protoplasms of different species are different in constitu- 
tion and that even within the species many differences of consti- 
tution must exist. Already these differences are demonstrated by 
many different lines of investigation. For example, the differences in 
metabolism and its products such as cellulose, chitin, bone, starches, 
sugar, fats, proteins, gland secretions, odoriferous substances, etc., 
snow us clearly enough that the protoplasms of different organ- 
isms are doing different things. The remarkable specificities of re- 
lation brought to light in serological investigations and in allied fields 
of work also demonstrate that different protoplasms are physiologi- 
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cally different. The work of Reichert and Brown (’09) showing 
that characteristic differences in crystal form of the hemoglobins and 
certain of their derivatives exist in different species and the later 
work of Reichert (13) on the differentiation and specificity of 
starches have brought to light other aspects of specificity of proto- 
plasmic constitution. Again, the experimental work of recent years 
on nutrition demonstrates that substances which are adequate for 
the synthesis and maintenance of the protoplasm of certain species 
are inadequate for other species. In various cases it has been 
possible to show that a particular chemical substance or group is 
necessary. What we know of the chemistry of digestion and the 
chemistry and metabolism of different tissues and organs in different 
organisms points to the same conclusion. In fact, it is possible that 
at present we are rather extreme in our belief in specificity and in- 
clined to regard differences in protoplasm and organisms as specific 
or qualitative until the contrary is demonstrated. The hormones, 
so called, are usually regarded as specific in their action, though the 
work of certain investigators suggests that in certain cases the 
specificity is less marked than usually supposed.!_ But whatever the 
truth concerning this or that detail, differences and specificities of 
constitution of different protoplasms exist beyond all question, not 
only in different species but in different parts of the individual organ- 
ism. Granting this, however, we need not lose sight of the fact that 
different protoplasms are physico-chemical systems of the same gen- 
eral sort and that certain resemblances or identities are recognizable 
as well as specific differences between them. Moreover, various 
factors in the differences of different protoplasms are non-specific- 
ally or quantitatively, rather than qualitatively, different. In fact, 
the distinction between quantitative and qualitative differences in 
protoplasms presents many difficulties. Differences which are quan- 
titative from one viewpoint are qualitative from another. For ex- 
ample, purely quantitative differences in rate of respiration may be 
dependent upon qualitative differences in the substances concerned 

1 For example, more than ten years ago Meisenheimer (’12) suggested that 
the internal secretions of the sex organs are not specific for the organs of a par- 
ticular sex, but are merely substances necessary for the development and main- 
tenance of the body in general. Investigations of recent years have made it 
highly probable that secretin and gastrin, which may be regarded as foundation 
stones of the hormone theory, are not specific substances. For the present status 
of this question see a recent discussion by Carlson (’23, pp. 18-21) and for further 
literature, the following papers: Luckhardt, Keeton, Koch and LaMer, ’20; 


Keeton, Koch and Luckhardt, 20; Keeton, Luckhardt and Koch, ’20; Koch, 
Luckhardt and Keeton, ’20; Luckhardt, Henn and Palmer, ’22. 
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in the metabolic reactions, and again differences in the relative 
amounts of substances entering reaction may determine qualitatively 
different products. 

In its fundamental features the specific constitution of a proto- 
plasm is continuous from generation to generation, 7. e., hereditary, 
though we believe that it has undergone change in one way or another 
in the course of evolution. Each protoplasm apparently represents 
in a broad sense a dynamic equilibrium, or more properly speaking 
is always approaching a dynamic equilibrium which is always being 
disturbed by external factors (see Chap. XIII). Within the usual 
range of environmental conditions to which they are subjected liv- 
ing protoplasms possess in a high degree the capacity of equilibra- 
tion. It is probable, however, that a protoplasm after action of an 
external factor upon it never returns to exactly the condition which 
existed before such action. 

In nature protoplasms exist only in organisms and since we make 
a distinction between protoplasms and organisms it is necessary to 
consider the basis on which this distinction rests and this involves 
the problem of organismic pattern and the differences between it 
and protoplasmic pattern. 


ORGANISMIC PATTERN 


As pointed out elsewhere (Child ’21 a, Chap. I), organismic pat- 
tern is an order, plan, unity or integration of which a protoplasm 
constitutes the material substratum. Certain features of this pat- 
tern are highly significant in their relations to behavior. In the first 
place, protoplasms are found in nature only as organisms or parts 
of organisms. Nevertheless, it is evident that the organism repre- 
sents a pattern of a higher order of magnitude, on a larger scale, 
which arises in some way upon the substratum which constitutes 
protoplasmic pattern. The organismic pattern involves molar re- 
gions or masses of living protoplasm, or whole cells or cell masses 
as its constituent elements, while protoplasmic pattern is colloidal, 
or perhaps as regards certain features crystalloidal, molecular and 
submolecular. Organismic pattern determines in some way what 
we call organization in protoplasm, that is, different regions or cells 
become different in structure, constitution and function. This or- 
ganization is orderly and definite in character for each organism and 
functional relations exist between its constituent parts. The or- 
ganism represents then certain sorts of ordering, differentiation and 
physiological correlation of activities in different molar regions of 
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protoplasm or in different protoplasms. As the house represents a 
pattern and integration on a larger scale than the patterns of any 
of the materials entering into its construction, so the organism rep- 
resents a pattern and an integration on a larger scale than proto- 
plasmic patterns. In multicellular organisms the pattern is on a 
larger scale than that of the single cell and in colonial forms the 
pattern of the colony is on a larger scale than that of the single 
zooid or person of the colony. In short, it is evident that in an 
organism different regions of protoplasm, different cells, or cell 
masses, or even different individuals are in some way integrated 
into a definite and orderly whole. 

If we say that a protoplasm is a physico-chemical system in which 
various dynamic changes of certain sorts occur, then an organism 
is a system of protoplasms. That is to say an organism is an integra- 
tion of protoplasmic systems differing from each other in some way. 
If the changes in a protoplasm constitute life, the organism is an 
idtegration of different rates or kinds of living. It is of course true 
that we know life and protoplasms only as they occur in organisms, 
but it is also true that we can distinguish different protoplasms in 
an organism, that these different protoplasms are alive and that the 
changes which constitute life in them differ in some way. Even 
though we cannot define life nor protoplasm exactly, it is perfectly 
evident that an organism is not merely life nor merely a protoplasm, 
but an orderly and definite integration of different ways of living 
and different protoplasms. Second, organismic pattern has refer- 
ence at every point to the relations between protoplasms and en- 
vironment. The organism as a pattern, a mechanism, has no mean- 
ing except in relation to environment. It is in fact a pattern which 
makes it possible first of all for protoplasm to persist in the external 
world, and second to modify and control its environment to an in- 
creasing degree. In whatever aspect we regard the organism, it is 
obviously in relation to environment at every point. Its mechan- 
isms are all concerned in some way with either the dynamic or the 
material facvors of its environment. The mechanisms and therefore 
the relations to environment of different organisms are of course 
different, primarily because their protoplasms are different, but how- 
ever these mechanisms differ, they are all concerned with reactions 
to environment. 

The evolution of the organism has modified organismic pattern 
chiefly in two directions. First, the adjustment of certain mechan- 
isms to external excitatory impacts has become more and more del- 
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icate and exact, and second, mechanisms making ‘possible in one 
way or another the control and modification of environment have 
been increasingly effective. The physiological foundations of these 
modifications are found in the simplest organisms. In the light of 
our present knowledge it appears that the simplest possible organ- 
ism consists of a mass of protoplasm with a plasma membrane at 
its surface. In such an organism the impact of external energy may 
alter the physico-chemical state of the membrane, inducing what 
we call excitation and so affecting the interior. Moreover, the semi- 
permeability of the limiting membrane makes possible some degree 
of selection among material environmental factors. 

Turning to axiate organisms, we see that the presence of an ax- 
iate pattern provides a basis for a differential axial relation to the 
external world which may express itself in position or direction of 
growth, as in plants and sessile animals, or in directed locomotion, 
as in motile animals (see Chap. VI). And the character of axiate 
response to environmental factors is still further differentiated by 
the symmetry relations of the pattern. A bilateral organism be- 
haves differently from a radiate organism. The development of 
localized sensory, nervous and motor organs contributes to the def- 
initeness and speed of response. Other features of the organism, 
the alimentary, respiratory, circulatory and excretory systems, are 
concerned with the material exchange between organism and exter- 
nal world, and their development is in the direction of greater effi- 
ciency in this relation to environment. The organism may, in fact, 
be defined as a pattern of relation to environment appearing in proto- 
plasm. 

From this viewpoint the life of an organism is actually, as Spencer 
put it, “the continuous adjustment of internal relations to external 
relations.’’ The organismic pattern, on the one hand, and the spe- 
cific hereditary constitutions of the protoplasms in which the pattern 
is expressed, on the other, determine the possibilities, the directions, 
the range and the complexity of this adjustment. Organismic pat- 
tern then appears to be a behavior pattern in a protoplasm. Differ- 
ent regions and cells come to behave differently instead of alike, 
and these different behaviors are integrated into an orderly whole. 
In as far as it is concerned with organismic pattern, the so-called 
organization of protoplasm originates in, and is the expression of, 
these regional differences in behavior. 

It may appear at first glance that to call the organism a behavior 
pattern in protoplasm is little more than a fanciful figure of speech. 
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It may be objected, for example, that localization and morpholog- 
ical differentiation of organs in an embryo are processes very differ- 
ent from the use of these organs in behavior of the fully developed 
animal. Moreover, even if it be granted that such phenomena may 
in some sense be called behavior, it may be maintained that such 
behavior is, at least in considerable degree predetermined or inher- 
ent in the protoplasmic constitution. If this is true, it is not an ad- 
justment of internal relations to external relations, but is independ- 
ent of external relations, whether these are relations of one part 
of the organism to others or of the organism to its environment. 
So-called mosaic development, for example, in which parts of the 
organism are able to develop and differentiate up to a certain point 
independently of each other, has often been regarded as proving 
such predetermination. All the evidence indicates, however, that 
mosaic development and self-differentiation are, with certain excep- 
tions, secondary conditions in development (see pp. 146, 244). On 
the other hand, we find that many developmental processes do stand 
in direct relation to environmental factors, either intra- or extra- 
organismic. When we alter these relations, e. g., by isolation of such 
parts, they respond to the change by altered development. In fact 
by far the greater part of what biologists call plant behavior con- 
sists of exactly such changes in development, growth and differen- 
tiation. 

Motor reactions, which are not infrequently regarded as essential 
factors of animal behavior, are, properly speaking, only one aspect 
of the behavior of living things, viz., excito-motor behavior. They 
are singled out and emphasized as behavior because of their very 
direct relation to environmental factors and their value to the or- 
ganism as means of adjustment. If Spencer’s definition of life has 
any real meaning, it is that life is the behavior of protoplasmic sys- 
tems in relation to an external world. From this viewpoint organ- 
isms as individuals must represent behavior patterns of protoplasms, 
the specific constitution of the protoplasm and the environmental 
factors determining the behavior in each case. In other words, the 
individual organism represents certain hereditary potentialities of 
the particular protoplasm or protoplasms concerned which are re- 
alized under certain conditions as individuals. Similarly, behavior 
in the ordinary sense of the organism as a whole, represents in each 
particular case a behavior pattern potentially present in the organ- 
ism, but realized only through the action of an external factor. 

This conception of the organism as a behavior pattern is really 
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nothing more than a conception of the organism in dynamic terms. 
The biologist, particularly the zodlogist, has in the past been inclined 
to look at life from the morphological side and to attempt to con- 
ceive it in morphological terms, but it becomes increasingly evident 
that morphology must sooner or later be interpreted in dynamic 
terms, that is to say, in terms, of the behavior of the system in which 
it appears. That the organism is primarily a behavior pattern in a 
protoplasm of specific constitution is the principal thesis of this book. 


RELATIONS OF PROTOPLASMS AND ORGANISMS TO ENVIRONMENT 


In general the relations of a protoplasm or an organism to its en- 
vironment are, biologically speaking, of two sorts, the material, and 
the dynamic or energetic. The material relations include all mate- 
rial exchange between a protoplasm and the external world, that is, 
all relations which involve the transfer or transportation in mass of 
substance between the protoplasm and its environment. The in- 
take of nutritive substance and water, the intake of oxygen and of 
CO, in photosynthesis in plants and, on the other hand, the outgo 
of water, of food residues, of excretory products of metabolism ‘of 
all sorts, are all relations of material character. On the import side, 
relations of this sort provide the material for growth and maintenance 
as well as that used in the energy liberation involved in functional 
activity. On the export side, they serve for the removal of by-prod- 
ucts and residues of metabolism which have no further part to play 
in the protoplasmic system. The by-products or the residues, or even 
the substance itself of one sort of protoplasmic system may represent 
nutrition for another system or play some other part in its activity. 
Such relations are the nutritive relations of animals to plants, of the 
carnivore to its prey, of the parasite to its host and the mutual rela- 
tions between symbiotic forms. 

These material relations are specific so far as the material factors 
of the external world on the one hand or the protoplasmic consti- 
tution on the other are specific. Undoubtedly the specific mate- 
rial relations between protoplasm and environment have been fac- 
tors in the evolution of the specific constitutions of the different 
protoplasms. In fact, we must believe that such material relations 
between different physico-chemical systems or individuals were con- 
cerned in the origin of protoplasm. 

The dynamic or energetic relations between protoplasms and en- 
vironment are concerned, not with the transport in mass of sub- 
stance, but with the transfer of energy in one form or another. These 
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relations may be grouped under two heads: first, the direct purely 
mechanical or non-excitatory relations in which the effect is mechan- 
ical and proportional to the energy; second, the indirect or excita- 
tory relations in which the energy transfer between the external world 
and protoplasm serves merely as the initiating factor in bringing about 
energy changes which themselves depend upon the configuration 
of the system acted upon. 

There may be difficulty, as in the case of most abstractions, in 
drawing a hard and fast line between these two groups of relations. 
Practically it may be difficult to determine in a given case whether, 
or to what extent a particular relation is mechanical or excitatory. 

As a matter of fact, some degree of excitation or inhibition prob- 
ably occurs in living protoplasm in connection with most or all dy- 
namic action of external factors upon it. In spite of such difficulties 
as regards particular cases, the difference between the two sorts of 
relation is sufficiently clear. In the one the system acted upon be- 
haves as an inert system and the effect produced is brought about 
solely by the external energy. In the other the external energy 
merely serves to initiate changes in the energy relations between com- 
ponent parts of the system and energy liberated by such changes 
may produce effects immeasurably greater than the original external 
energy. 

So far as protoplasms are concerned, the action of external fac- 
tors in its purely mechanical aspects is in general of less importance 
than other dynamic relations in determining the condition of the 
protoplasmic system. It may bring about passive deformation and 
so be a factor in determining shape in some cases: gravity may de- 
termine the positions or distribution of substances of different weight 
and in this way determine other changes. Again, extreme mechan- 
ical action may produce death and disruption of protoplasm, but 
such relations are “accidental” rather than an essential feature of 
life. Of course mechanical factors may act on protoplasm as excit- 
ing or inhibiting factors, but in such case their effect is no longer 
purely mechanical, the mechanical energy of the external action under- 
going transformation in the protoplasm. Such effects belong in the 
excitatory rather than in the purely mechanical group of relations. 

Turning to the other aspect of the mechanical relations, it is evi- 
dent that the mechanical action of protoplasm in the form of organ- 
isms upon the external world is a factor of fundamental importance 
in life. The locomotion of organisms, the taking of food, lung breath- 
ing and the propulsion of water over gills all depend very largely 
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upon such action. A large part of the work of man in altering the 
configuration of his environment is accomplished through mechanical 
action either directly or with the aid of tools and machines, that 
is, contrivances for bringing about mechanical action more rapidly 
or on a larger scale than is possible with the mechanical energy of 
the human organism alone. Most organisms would cease to exist 
in a very short time if it were impossible for them to alter their en- 
vironment by mechanical action upon it. In short, the purely me- 
chanical action of external factors upon protoplasms is of relatively 
little significance in life, while the mechanical action of protoplasms 
in the form of organisms upon the external world is essential to the 
life of organisms. 

As already pointed out, the second group of dynamic relations, 
the excitatory relations, involves the transformation of the energy 
of the factor acting into other forms in the systems acted upon. Such 
transformation usually or always determines changes which liberate 
energy from the system. In any case the course and character of 
excitation depend primarily on the configuration and state of this 
system. Here the factor acting merely initiates and the result de- 
pends on the system affected as in the relation of the spark to the 
explosion, or the forest. fire. 

Whatever the exact nature and relation of the processes concerned 
in protoplasmic excitation — or inhibition — may prove to be, the 
process in general is a complex dynamic change, probably involving 
both physical and chemical factors. Doubtless the component proc- 
esses differ in different protoplasms and perhaps even with different 
degrees of excitation in the same protoplasms, but it is evident that 
excitation is more or less similar in all protoplasms. Even though 
we regard excitation merely as a more or less complex physico-chem- 
ical change, depending rather on the configuration of the system acted 
upon than upon the energy acting, the general conception of excita- 
tion has not lost its usefulness, as some physiologists have suggested. 

In excitatory relations it is the action of the external factor upon 
protoplasms, which is of fundamental importance for life. We be- 
lieve that irritability or excitability is a fundamental property of 
all living protoplasms, though it may vary widely in degree. In 
excitation the action of the external factor is, so far as the excitatory 
effect is concerned, non-specific, that is, essentially quantitative, 
though of course the process of excitation may differ in different 
protoplasms, and while some protoplasms are more readily excited 
by certain forms of energy, others by other forms, it is probably 
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true that all forms of energy within certain limits of amount and in- 
tensity are capable of exciting most if not all protoplasms to some 
degree. 

While the material relations between protoplasms and the ex- 
ternal world are of course absolutely essential for the maintenance 
of life, since they supply fuel, z. e., energy to the system and accom- 
plish the removal of residues, the excitatory relations constitute 
the primary factor in the behavior of living things. The irritability 
of protoplasm, its sensitiveness to the impact of external energies 
and the change in state brought about by such impact, are the foun- 
dations of all that we call reaction or response in organisms. Many 
non-living systems are irritable or excitable in one way or another, 
é. g., dynamite, dry wood, coal, but the excitability of protoplasms 
constitutes the physiological basis of those characteristics of living 
things which distinguish them most sharply from the non-living, 
viz., the ability to react or to respond to the impact of external en- 
ergies by changes in state which include a reference to the external 
factor and therefore serve a purpose, or in the higher animals and 
man are consciously purposive or intelligent in character. The evolu- 
tion of intelligent behavior from the relatively simple excitation and 
its transmission in a primitive protoplasm is of course associated 
with and dependent upon the development and integration of com- 
plex mechanisms of excitation, conduction and effect and involves 
the whole problem of the evolution of organisms, but it is neverthe- 
less true that the excitability of protoplasms in general is the primary 
physiological factor concerned in the functioning of all these 
mechanisms (Herrick, 1924, Chap. XXI). Life as we see it, partic- 
ularly in the higher animals, and man, is a series of excitations with 
the resulting equilibration of the organismic mechanisms to the ex- 
citing changes. We cannot conceive what life without excitation 
would be and it is a question of some importance, though perhaps 
largely academic, how long life can continue in the total absence of 
excitation. Many excitations are obviously only indirectly related 
to an external factor, but we have at present no evidence to indicate 
that protoplasm is fundamentally capable of self-excitation in the 
strict sense (see pp. 184-186) and the arguments of the vitalist 
in favor of such autonomy are in the present state of our knowl- 
edge far from conclusive. 

It is unquestionably true that the excitability of protoplasm con- 
stitutes the primary physiological factor in the behavior of organ- 
isms in its broadest sense. At least in motile animals the material 
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relations are determined and ordered to a large extent by the ex- 
citatory relations. Even in most of the simpler animals the reac- 
tion to food involves excitation and the excitatory factor is undoubt- 
edly concerned in the growth orientation of the roots and of other 
parts of plants with respect to chemical and photic conditions. In 
the case of internal parasites which live in a nutritive medium and 
in plants which also may be said to live in a nutritive medium the 
material relations may be to a considerable extent independent of 
excitation, but even in such forms the intake must depend to some 
degree upon the rate of transformation in the body and in this ex- 
citation is concerned. Even on the basis of this general discussion 
it is not going too far to say that the excitability of protoplasms has 
been a fundamental factor in making organisms what they are. It 
has been effective in two ways, physiologically, through the changes 
in protoplasm determined by excitation in the individual, and in- 
directly through the evolution of excitability, the process and mech- 
anisms of excitation and transmission, and the integration of such 
mechanisms. 

The ability of protoplasms to bring about excitation in their en- 
vironment is biologically significant chiefly in relation to other or- 
ganisms. Man of course is able with the aid of various tools to 
make fire, to bring about explosions, electrical excitation and various 
other excitatory changes in non-living systems, and these are of great 
though not of fundamental significance for human life. But in the 
relations of organisms to each other the excitatory factor has be- 
come always more significant during the course of evolution. In 
the higher animals and man the excitatory factor is unquestionably 
the primary factor in relations between individuals, the material 
factor being significant only as it is excitatory in effect. In fact all 
social integration is based upon the excitatory relation. By this is 
meant merely that the actions concerned in such integration are pri- 
marily determined and ordered by the energy impacts upon the sense 
organs of the individual. In the case of man speech and the written 
word are the most important means of communication and inte- 
gration, but their action on the individual is accomplished through 
the excitability of his protoplasm. All his relations with other in- 
dividuals, whether they involve material exchange, 7. ¢., in social 
terms, commerce, or communication by speech, writing, signal, or 
symbol of any kind, are based upon the excitatory relation. The 
significance of this fact in social integration will be considered in 
later chapters (Chaps. XVI, XVII). 
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It has already been noted that the material relations between 
protoplasm and the external world are in general specific and qualita- 
tive in character, involving different substances, though of course 
different quantities, 7. e., rates, degrees, amounts of material exchange, 
are possible. The dynamic or excitatory relations are, however, 
fundamentally non-specific or quantitative, involving energy trans- 
fer as the primary factor rather than mass exchange of substances. 
This difference is, as will appear, of fundamental significance for the 
conception of the individual organism as a physiological order and 
integration. Protoplasm must have originated in specific material 
relations between different physico-chemical systems and unques- 
tionably the present specific hereditary constitution of any particular 
protoplasm must be primarily dependent upon the whole history of 
its material relations with the external world. 

On the other hand, all protoplasms exist as individual organisms 
and as regards the more general features the pattern of the organism 
shows no relation to specific protoplasmic constitution. For example, 
cells composed of very different protoplasms are almost or quite 
indistinguishably alike in form and general structure and the organ- 
ismic axial relations, polarity and symmetry are very similar in many 
different protoplasms. When we regard the individual organism 
from this viewpoint it appears as primarily a non-specific or quanti- 
tative dynamic order in a specific protoplasm. In other words, or- 
ganismic pattern is primarily a non-specific dynamic pattern in a 
specific protoplasm. Apparently such a pattern can originate only 
in the non-specific dynamic relations between protoplasms and en- 
vironment. To what extent this conclusion is supported by facts, 
later chapters will show. 


CHAPTER III 


THE ORGANISM AS A WHOLE: HISTORICAL AND 
CRITICAL 


That the organism represents a unity and order of some sort is 
believed by most biologists, but widely different conceptions and in- 
terpretations of this unity and order have been advanced and their 
existence has sometimes been ignored. Much of the discussion of 
the organism as a whole has suffered from a lack of clearness concern- 
ing the nature of the “wholeness.” It seems to be clear enough, how- 
ever, that this wholeness is the unity and order evident in the in- 
dividual organism from the beginning of development through all 
its life in all its various aspects. This unity and order are associated 
with the specialization and differentiation of parts in definite and 
orderly ways and with the resulting physiological relations between 
them (see Chap. V), but in all these processes unity and order are 
clearly apparent. The problem of the wholeness of the organism is 
then the problem of the origin and nature of the unity and order of 
the individual. (Cf. Ritter, ’19.) 

The various conceptions of the organism fall naturally into sev- 
eral groups and the brief consideration of these in the present chap- 
ter will serve not only to indicate the position of this problem in 
biological theory but also to clear the ground for the presentation 
of evidence in following chapters. 


THE ROLE OF THE ELEMENTARY ORGANISM 


The idea has been widespread among biologists that an elemen- 
tary or fundamental organism of some sort exists and that all more 
complex organisms consist of groupings or associations according 
to some plan of these elementary organisms. But opinions differ 
widely as to what constitutes the elementary organisms. From 
the physiological viewpoint the cell or protoplast is commonly 
regarded as the elementary organism (Verworn, O. Hertwig), but 
the morphological theorists of the descriptive period in z0dlogy have 
postulated elementary organisms of various sorts. Such for example 
are the microscopic granules of Altmann and the hypothetical en- 
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tities conceived by the corpuscular theories of inheritance and de- 
velopment, e. g., the determinants of Weismann. 

From this conception of an elementary organism, whether it be 
a cell, a granule or determinant, has developed very naturally the be- 
lief held by many biologists that the solution of all the problems of 
the organism must be sought in the elementary organism. In other 
words, the grouping of determinants into systems of higher order 
(ids, idants of Weismann) or of cells into a multicellular organism 
must be determined solely by the nature of the individual determi- 
nants or cells. Because of its nature each elementary organism fits, 
so to speak, into a certain place in the whole, as a particular piece 
fits into a certain place in a mosaic. According to this, the prefor- 
mistic or predeterministic viewpoint, each part or characteristic 
of the organism is predetermined in the elementary organism or 
organisms constituting that part. Development is then primarily 
the realization of these predetermined characteristics quite inde- 
pendently of each other and only after a certain stage is attained do 
the parts enter into functional relation to each other (Roux, Weis- 
mann). So far as the normal individual is concerned, environmental 
factors are important only in that certain factors are essential to the 
continuance of life and the progress of the predetermined develop- 
ment. 

In epigenetic theory the réle of the elementary organism is very 
different from this. The individual elementary organisms compos- 
ing a complex organism, e. g., the cells of a blastula, are not neces- 
sarily predetermined as different parts, but may be primarily all alike 
in constitution, the differences which arise being determined by the 
action of environmental factors upon the whole group and upon each 
member of it. In the latter case of course relations to other members 
constitute environmental factors. In short, epigenetic theory con- 
ceives the organism 2s it exists as a product of the reaction between 
a particular kind of protoplasm, whether in the form of a single cell 
or of many cells, and environmental factors. The elementary or- 
ganism itself represents the product of such reaction and its grouping 
with others to form complex organisms involves further reactions 
of the same sort and their results. From the epigenetic viewpoint 
then, a particular organism, whether elementary or complex, repre- 
sents the behavior of a particular protoplasm in a particular envi- 
ronment. 

To the vitalist it makes little difference whether the elementary 
organisms are conceived as primarily alike or different or whether 
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they exist at all. For him the organism is essentially a metaphys- 
ical, a “supernatural” phenomenon and its pattern is not primarily 
a matter of physico-chemical factors of any kind but usually results 
from the control of physico-chemical factors by the non-mechanistic 
integrating principle, “entelechy,” “dominant,” “soul” or what- 
ever he may prefer to call it. The question whether organismic pat- 
tern is predetermined in the germ or whether it is in each case a re- 
action of a specific protoplasm to environmental factors is of minor 
importance to the vitalist, for in the one case the structural pattern, 
in the other the behavior pattern is metaphysical in origin. 

For present purposes it seems unnecessary to distinguish the cell or 
any other organismic entity as elementary organism. It may merely 
be pointed out that organisms range in complexity and scale of in- 
tegration from simple cells or protoplasts, or probably from forms 
simpler than the ordinary cell, to individuals consisting of thousands 
or millions of cells, and that even multicellular individuals may be 
integrated into individualities of still higher order, such as colonies. 
The cell, it is true, represents a relatively simple form of organism 
and as such enters into the constitution of more complex forms, but 
there seems to be no good reason for believing or assuming that it 
is fundamentally different in origin or pattern from other organisms, 
whether of a higher or lower degree of integration. 


PREDETERMINATION VERSUS EPIGENESIS 


The problem which at present we formulate in terms of heredity 
versus environment has, in one form or another, occupied the atten- 
tion of biologists since the time of Aristotle. In earlier times com- 
monly the question whether the organism is wholly preformed or 
predetermined, it has undergone various changes as regards its terms 
and the meanings assigned to them. Nearly thirty years ago Whit- 
man (’95) pointed out that it was no longer a question of preforma- 
tion versus epigenesis, but rather one of the part played by each 
factor in determining the individual. Even then Weismann, the 
chief exponent of preformation was forced to admit the effect of 
environment, as is evident at various points in his writings, and Oscar 
Hertwig, perhaps his most notable opponent, postulated as necessary 
for the development of the different species of organisms, “ different 
sorts of primordial substances which possess an extremely complex 
organization”’ (Hertwig, ’94, p. 131) and which, because of this or- 
ganization are capable of reacting specifically and with the greatest 
exactness to all external and internal stimuli to which they are sub- 
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jected. With the development of experimental biology during the 
last thirty years, the chief difficulty of predeterministic theory has 
been to account for the variations and modifications in individual 
development with change in environment, while epigenetic theory 
has found it difficult to account for the constancy of development 
and individual pattern, but on the whole there has been still further 
approach to common ground. 

Predeterministic conceptions of the organism have developed 
in large part on the basis of zodlogical data and have been perhaps 
more widely accepted by zodlogists than by other biologists. They 
attained their highest development during what may be called the 
morphological period in zodlogy in the latter half of the nineteenth 
century. In fact, they are essentially morphological theories of the 
organism and attempt to interpret development as a process of con- 
struction of a morphological machine by agents or factors inherent 
in the germ and usually conceived as distinct physico-chemical en- 
tities capable of growth and reproduction. According to the Weis- 
mannian theory, the most completely developed and most widely 
accepted of the predeterministic conceptions, each such entity or 
determinant represents or determines some character of the organism. 
More recent conceptions call the predetermined entities factors, 
genes, etc., and hold that, on the one hand, many such factors may 
be concerned in the development of any particular character, and 
on the other, that each factor may play a part in the development of 
more than one character. 

In the minds of the earlier preformists there was no doubt that the 
pattern and course of individual development are predetermined 
and hereditary. The problem of the individual was not for them a 
physiological problem, but rather an evolutionary problem and there- 
fore veiled in the mists of the past and belonging to the field of spec- 
ulation rather than to that of experiment. Most predeterministic 
theories simply assume the existence of organismic pattern or in- 
tegration in some terms. Weismann, for example, assumes that the 
determinants are integrated into groups of higher orders of magni- 
tude, corresponding perhaps to organs, individuals, etc. Roux ad- 
vanced the hypothesis of qualitative nuclear division as a basis for 
the orderly and harmonious differentiation of parts and Weismann 
adopted the idea. Later, however, the experimental investigations 
of Driesch and many others led Roux himself to abandon the hy- 


pothesis. ihe 
Current theories have advanced far beyond the predeterministic 
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conceptions of Roux and Weismann, but they are still largely con- 
cerned with hypothetical hereditary entities of some sort and have 
little or nothing to say about the integration of these into an organ- 
ism in development. The accepted view at present maintains on 
the basis of chromosome behavior in cell division, as well as of ex- 
perimental embryology, that no sorting out or distribution of genes 
factors, hereditary potentialities occurs during development. Each 
cell is regarded as possessing the entire chromosomal mechanism and 
therefore, as Morgan puts it, “each cell inherits the whole germ 
plasm” (Morgan, ’19, p. 241). In short, current theories of hered- 
ity provide no mechanism for individual development and differen- 
tiation. Morgan’s discussion of “The Organism as a Whole, or the 
Collective Action of the Genes” (Morgan; 719, pp. 241-246) does 
not provide us with any theory of development. The chromosome 
theory of heredity tells us that each cell inherits the whole germ 
plasm but as to the manner in which different cells and cell groups 
become different, it has nothing to say. 

Morgan’s discussion of “The Organism as a Whole” is little else 
than a restatement of the particulate theory of heredity: it does not 
even define the organism as a whole and the author seems inclined 
to the view that the wholeness does not exist. The particulate the- 
ory of heredity certainly provides no basis for the origin of differ- 
ences in different cells and cell groups and of physiological correla- 
tion between the different parts. But we know that such differences 
and correlative factors do arise, and if we accept Morgan’s concep- 
tion of heredity, it is evident that they must originate, either in 
the reactions of the protoplasm to differences in environment which 
determine the realization of different hereditary potentialities in 
different cells or cell groups, or in some ordering metaphysical prin- 
ciple, such as Driesch’s entelechy. In fact, if Morgan is correct 
in saying that each cell inherits the whole germ plasm, and there 
is at present no good reason for doubting that this is essentially true, 
the individual organism, “the organism as a whole” cannot be ac- 
counted for in terms of heredity alone, but only in terms of heredity 
plus behavior, or in terms of metaphysics. Morgan apparently 
fails to distinguish clearly between the hereditary potentialities, 
the genes or factors of the germ plasm, and the realization of certain 
of them in the individual organism. No individual represents in 
its structure and function all the hereditary potentialities of its pro- 
toplasm. Each of its parts and each function represents, so to speak, 
a particular selection among the hereditary potentialities, and Mor- 
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gan’s statement provides no basis for such a selection. Morgan’s 
difficulty appears to be in his belief that the organism as a whole 
represents in some way “‘the collective action of the genes.” Asa 
matter of fact, such collective action must be the same in all cells 
since all cells contain the same genes, therefore this collective action 
alone cannot give rise to local differentiation or to physiological cor- 
relation. The individual organism is not the collective action of the 
genes alone, but originates in some factor which determines what 
genes shall be concerned in determining the characteristics of each 
cell or cell group: it is in fact a matter of the action of different genes 
in different cells, and such differences must be determined, either by 
environment or by some metaphysical factor. This is equivalent 
to saying that the individual organism must be a behavior pattern 
arising in some way in the germ plasm of the species. 

In an earlier discussion (Morgan, Sturtevant, etc., 715, pp. 43-44) 
this distinction between the hereditary potentialities and the real- 
ization of different potentialities in different cells seems to be more 
clearly recognized. There it is stated that we must suppose: 


‘that the Mendelian factors are not sorted out . . . but that differentiation 
is due to the cumulative effect of regional differences in the egg and embryo 
reacting with a complex factorial background that is the same in every cell. 
These regional peculiarities of different parts of the egg and embryo may, like 
the age of the individual, also be considered as influences external to the 
hereditary factors which affect the development of characters. And not only 
do regional peculiarities influence characters, but special regions are usually 
required for a given factor difference to manifest itself, just as certain tempera- 
tures or ages may be necessary.” 


If I understand this statement correctly, it is to the effect that 
development of the individual represents the reaction of the factorial 
complex to environmental factors. This seems to be Conklin’s view- 
point (’22) and it is essentially the viewpoint of the present book, 
according to which the physiological gradient constitutes the pri- 
mary regional differential, to which the factorial complex reacts. 
This view, however, seems to be very different from that advanced 
in Morgan’s later book, according to which the organism as a whole 
represents the collective action of the genes. In this later discussion 
Morgan appears to leave little or no room for action of the environ- 
mental factor, nevertheless the statement quoted above appears 
without change in the revised edition of his earlier book (1923). 

Whether or not one accepts all the details of the chromosome 
hypothesis, there is of course no necessary conflict between the par- 
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ticulate theory of heredity and the physiological conception of the 
organism as a whole. They are simply ideas concerning different 
matters, the one being concerned with the hereditary constitution 
of the protoplasm of the species, the other with the behavior of this 
protoplasm in certain environmental relations. It is this behavior 
which determines the actual individual. The wholeness of the indi- 
vidual organism lies, not in the relations between genes or factors, 
but in the relations between different regions, cells or cell groups, 
in which the potentialities of different genes or groups of genes or 
factors have been realized. 

By way of illustration let us consider a very simple, perhaps one 
of the simplest cases of organization of protoplasm, viz., a mass of 
protoplasm bounded by a plasma membrane. Some of the micro- 
organisms are very probably little or nothing more than this. Our 
knowledge of plasma membranes in protozoa and other cells leads 
us to believe that any portion of such a protoplasmic mass is capable 
of giving rise to a plasma membrane, but as a matter of fact, only in 
those regions which are in contact with the external medium do the 
conditions arise which make possible the realization of the potenti- 
ality of membrane formation. We say that the plasma membrane 
results from the exposure of the surface to a medium of a certain 
physico-chemical constitution and we describe its formation in terms 
of physical chemistry. But as soon as such a membrane is present, 
the organism as a whole exists, that is, regional differences which 
make possible physiological relations between surface and interior 
exist. All regions of the protoplasm unquestionably possess the he- 
reditary potentiality of membrane formation, but the membrane 
appears only under certain conditions and in certain regions. In 
this case the action of environmental factors is obviously necessary 
to make an organism out of the hereditary potentialities of the pro- 
toplasm. Attention may also be called to the fact that the formation 
of a plasma membrane is non-specific, 7. e., it is not dependent upon 
the specific constitution of any particular protoplasm, but all pro- 
toplasms give rise under proper conditions to membranes. Un- 
doubtedly the plasma membranes of different protoplasms differ in 
their constitution and properties, but the act of formation of a 
plasma membrane is a non-specific protoplasmic reaction to envi- 
ronmental factors. 

In this, the simplest sort of organism, the specific hereditary con- 
stitution of each protoplasm concerned is predetermined as regards 
the individual, though in the course of evolution it too may have 


HISTORICAL AND CRITICAL 25 


been determined in relation to external factors. The actual indi- 
vidual organism, however, as an order and unity of a certain sort 
and of a certain order of magnitude, is the product of a non-specific, 
a fundamentally quantitative reaction of that protoplasm to exter- 
nal factors. In short, as regards the individual organism the prede- 
terministic conception fails at the outset. 

Turning to a more complex case of a multicellular organism with 
physiological polarity and symmetry, e. g., Planaria, according to 
current theory as stated by Morgan, all the cells of this animal, as 
of others, inherit all the genes or factors, including those for head 
formation, and we know from experiments with pieces that at least 
certain cells at all levels are capable of giving rise to a head. In the 
development of the normal animal, however, only certain cells de- 
velop as a head while others develop into other parts. Something 
must determine these differences in behavior of the different cells 
and parts of the organism, for they occur in spite of the similar nu- 
clear constitution. If we say that these differences between surface 
and interior in the simplest organisms and in relation to the axes in 
axiate forms, together with the physiological relations arising from 
them, are dependent upon physiological polarity and symmetry, it 
becomes evident at once that polarity and symmetry of some sort, 
spherical, radial, or bilateral, constitute the spatial basis of the or- 
ganism as a whole and the question of their nature and of the phys- 
iological processes involved in the determination of the regional dif- 
ferences becomes of fundamental importance in the physiology of 
development. For the particulate theory of heredity then the ques- 
tion as regards such a form as Planariu becomes the question whether 
polarity and symmetry are represented by genes or factors. 

In the past polarity and symmetry have very generally been sup- 
posed to result in some way from molecular or other characteris- 
tics of the intimate inherent structure of protoplasm in general. 
This conception has been stated in terms of crystalline or other 
stereochemical structure, or sometimes simply in terms of “intimate 
structure.” If this intimate structure is characteristic of the nucleus 
as well as of the cytoplasm, polarity and symmetry must represent an 
even more fundamental feature of protoplasmic constitution than the 
genes or factors. If on the other hand, polarity and symmetry exist 
not in the nucleus but in the cytoplasm alone, genes for polarity and 
symmetry might be assumed to exist. Such genes, however, must be- 
have very differently from others in that they give rise to a general 
substratum or framework underlying the features determined by 
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the other genes. Moreover, the difficulty of accounting in such terms 
for the different polarities and symmetries of different regions and 
parts of the organism is just as great as for regional differences of 
other sorts, since the cell inherits the whole germ plasm. 

In general predeterministic conceptions of polarity and symmetry 
have usually assumed a molecular or “micellar” structure and ori- 
entation, either similar or analogous to that of the erystal or that 
of the magnet, or of purely hypothetical character, as the basis of 
polarity and symmetry. Such theories of organismic form have 
been the subject of much discussion and the analogies between crys- 
tals and organisms have been stated repeatedly. But even though 
the crystal does possess a characteristic form and is able to grow, re- 
generate and undergo ‘‘form regulation,” the hypothesis that polarity 
and symmetry and organismic form are fundamentally similar to 
that of the crystal meets with various difficulties. Some of these 
difficulties are briefly pointed out. First, according to stereochem- 
ical theory, we should expect organisms to show at least as great a 
diversity of fundamental axial relations as we find of crystal forms, 
but as a matter of fact we find only three fundamental morpholog- 
ical patterns among all organisms, viz., radial, polar and polar bi- 
lateral, and various modifications and combinations of them (see p. 
37). If such patterns were a matter of the molecular constitution, 
we should expect far greater diversity than this. The varieties of 
crystalline form in the hemoglobins as described by Reichert and 
Brown (’09) and the differentiation of the starches (Reichert, ’13) 
show how pattern dependent on molecular constitution varies with 
that constitution. If polarity and Symmetry are patterns of this 
sort, we ought to expect similar ranges of variation. 

Second, the crystal is fundamentally a homogeneous system and 
the occurrence of chemical change in it is accompanied by the dis- 
appearance of crystalline structure. In protoplasm, on the other 
hand, an extreme degree of heterogeneity exists and growth, main- 
tenance, structure, differentiation and function are all associated 
with, and dependent upon, chemical reactions. Is not the assumption 
of an inherent molecular or micellar structure and orientation as 
the basis of organismic pattern in such as system a priori a highly 
improbable one? Such pattern is built up by the metabolic reactions; 


1See for example Przibram, 06, 21, for bibliography and for arguments in 
support of the essential similarity between crystalline and organismic form. 
ae latter paper is concerned to a considerable extent with a hypothetical space 
attice. 
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by altering metabolic relations in different regions or cells we can 
alter it; when the reactions cease only the formal, not the functional 
pattern remains. 

Third, from what we know of the constancy of the specific consti- 
tution of protoplasm, we should expect a pattern dependent upon 
specific molecular structure and orientation to be exceedingly sta- 
ble and but little susceptible to experimental modification. This, 
however, is far from being the case, as everyone knows. In at least 
many of the simpler organisms it is possible to obliterate or reverse 
polarity and to determine new polarities by various experimental 
conditions (see Chaps. VII-IX), and experimental conditions may 
also determine whether a particular protoplasm shall give rise to 
radial or bilateral structures, or both (Chaps. VIII, IX). More- 
over, polarity and symmetry are less evident in small pieces of the 
bodies of the simpler animals than in large pieces, and in sufficiently 
small pieces the original polarity disappears or becomes ineffective, 
the further development being determined by one or more new po- 
larities dependent upon experimental conditions (Child,’ 07 a, 715¢, pp. 
98, 99). And finally, there are cases such as the alga Fucus, in which 
the polarity of the individual plant is directly determined in the egg 
or spore by the differential action of incident light (see pp. 58-61). 

Fourth, if such a molecular system does exist as the basis of po- 
larity and symmetry and so of organismic pattern, it ought to be 
possible to obtain some evidence of its existence with the aid of 
polarized light. Unless the structure of such systems is the same in 
all directions, and this would be impossible in heteropolar organisms, 
they must possess optical axes and under proper conditions show 
some indications of optical anisotropy. During the nineteenth cen- 
tury extensive studies of many animal and plant tissues were made 
with polarized light,’ and it was demonstrated beyond question 
that many structures of both animals and plants are optically aniso- 
tropic. But such structures are predominantly cuticular, non-proto- 
plasmic membranes, shells, skeletal structures, starch grains, crys- 
talloids and fibrillar differentiations, such as muscle, connective 
tissue, etc. The investigators agree that protoplasm in general, 
eggs and early developmental stages show no indications of aniso- 
tropy. The structure underlying anisotropy evidently arises second- 
arily in the course of development and, except as regards muscle and 

1 See for example, Valentin, ’61, ’71a, b; Engelmann, ’75, and references given 
by these authors. Pfeffer, 97, p. 70, gives references to the more important 
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some other fibrillar structures, it appears predominantly in dead se- 
cretions and inclosures rather than in the living protoplasm. It has 
been pointed out repeatedly that the appearance of anisotropy, par- 
ticularly in various fibrillar structures, may be the result of mechanical 
tension. Very generally the axes indicated by such anisotropy have 
reference to local conditions, single cells, fibrils, etc., but in some of 
the unicellular organisms the anisotropy of the ectoplasm of its 
outer layers indicates a close relation between the axis of the organ- 
ism and the structural system underlying anisotropy. In all the ev- 
idence, however, there is nothing to justify the assumption that aniso- 
tropy is a primary, inherent property of protoplasm. Apparently it 
arises secondarily, either because of the crystalline character of the 
substance in which it appears, in consequence of mechanical tension, 
or possibly of other local conditions. These investigations then afford 
no support to the theory of molecular or micellar polarity and sym- 
metry. 

And finally, the supporters of the stereochemical theories have not 
been able to show in any convincing way how the molecular structure 
and orientation determine the differences in rate of metabolism and 
of growth and the course of differentiation in different cells or cell 
groups. Harrison’s recent stereochemical interpretation of the sym- 
metry relations of amphibian appendages in his transplantation ex- 
periments (Harrison, ’21) may be cited as a case in point. Here, as in 
so many other cases, the stereochemical structure is simply assumed, 
apparently without evidence and without consideration of the dif- 
ficulties involved in the assumptions (see pp. 126-129). 

As a matter of fact polarity and symmetry appear to be largely if 
not wholly independent of the specific constitution, whether molecu- 
lar or molar, of different protoplasms. Different axes, different axial 
combinations and different symmetries may appear in nature or be 
experimentally determined in a particular protoplasm and similar 
polarities and symmetries may exist in very different protoplasms 
(see pp. 33, 41), In axiate organisms, then, as in simpler forms, the 
factor which determines the order and unity of the individual is ap- 
parently a non-specific factor, while the specific hereditary consti- 
tution of the particular protoplasm determines the specific charac- 
teristics of the individual. 

It may also be noted in passing that the conception of formative 
substances advanced by Sachs and its various modifications in the 
hands of Loeb, Conklin, Morgan and others, do not afford a solution 
of the problem of polarity and symmetry, for the movement of the 
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formative substances to the proper regions or their gradation or seg- 
regation in the proper order, must depend either upon a preéxistent 
underlying polarity or be in some way directly determined by exter- 
nal factors. In either case the nature of polarity and symmetry re- 
mains to be determined. Moreover, it seems to be true that thus far 
no one has really demonstrated the existence of a formative sub- 
stance in organisms, or has even shown how any particular substance 
may exert a really formative action. 

The fundamental difficulty of the predeterministic conception as 
regards the organism as a whole lies in the assumption that the unity 
and order, the ‘“wholeness’’ of the individual organism, as well as the 
hereditary potentialities of the individual, are inherent in the pro- 
toplasm. No theory of heredity can account wholly for the individ- 
ual organism. The individual represents heredity plus environment, 
in other words, behavior of a particular kind of protoplasm with 
certain hereditary potentialities, genes, or factors, in a particular 
environment. This behavior is the factor which orders and unifies 
the hereditary machinery and constitutes the starting point of the 
organism as a whole. The problem of the individual is then the 
problem of the environmental factors initiating this behavior, the 
nature of the behavior itself and of its action in realizing the hered- 
itary potentialities. 

This conception falls of course into the category epigenesis, but 
it differs somewhat from the earlier epigenetic theories. It does not 
necessarily conflict with, nor replace modern theories of heredity, 
except as they attempt to interpret the individual as “the col- 
lective action of the genes’’ alone, but merely supplements them by 
providing a physiological basis for the orderly realization of the 
hereditary potentialities in the form of an individual organism. The 
interpretation of the order and control of hereditary potentialities 
in the individual organism has alway constituted a stumbling block 
for predeterministic theories of heredity. They must either deny 
it or ignore it, or they must postulate a supergene which controls 
and orders all the others, or a predetermined harmony among the 
genes. There is no evidence for a supergene, and predetermined har- 
mony among the genes can scarcely be accounted for in other than 
dualistic or vitalistic terms. If, however, it can be shown that simple 
reactions to environment, to which every germ is exposed, are con- 
cerned in the orderly and harmonious realization of the hereditary 
potentialities, all the difficulties concerning the organism as a whole 
disappear. Then the organism as a whole represents, not heredity 
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alone, but heredity plus environment, in other words, it is prima- 
rily the reaction to environmental factors of a protoplasm with a cer- 
tain hereditary constitution. 

The organism is inexplicable without environment. Every char- 
acteristic of it has some relation to environmental factors. And 
particularly the organism as a whole, 7. e., the unity and order, the 
physiological differences, relations and harmonies between its parts, 
are entirely meaningless except in relation to an external world. 
Nevertheless predeterministic theories have maintained that the 
organism as a unity and order is primarily independent of an exter- 
nal world and enters into relation with it only secondarily. This 
viewpoint has resulted in confusion and sterility in various fields 
of biological thought, and, as Dewey has pointed out, a similar 
viewpoint has had much the same effect in philosophy (Dewey and 
others, 717). 

It may be pointed out that the recognition of the significance of 
environmental factors in determining the unity and order of the 
organism does not, as often wrongly assumed, involve us in La- 
marckian assumptions, or hypotheses. The action of environment 
is primarily a matter of the developmental physiology of the indi- 
vidual. If the effect of such action persists through more than one 
cell generation this persistence involves no transmission of effects 
from body to germ cell, but the effect persists merely as a physiolog- 
ical condition in the protoplasm which arises by cell division and 
growth from the protoplasm originally affected. In pieces isolated 
by section from the stems of certain hydroids the polarity of the 
original individual may persist in the piece and the new individual, 
therefore, inherits its polarity. On the other hand, it is possible to 
determine experimentally a new polarity in pieces and such pieces 
may give rise to new individuals and these may again be cut into 
pieces which inherit their polarity. Similarly an egg may conceiv- 
ably inherit its polarity from earlier cell generations and some- 
where in the course of these generations this polarity may have been 
determined by environmental factors. It is obvious, however, that, 
such cases involve no Lamarckian assumptions concerning inheri- 
tance of “acquired” or somatic characters, but represent simply 
the persistence of direct physiological effect of environment upon 
the germ cell or other reproductive unit. Moreover, the general 
conception illustrated by such cases may provide a simple physio- 
logical interpretation of certain facts which have seemed to favor La- 
marckian hypotheses. 
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VITALISM 


Vitalism as a biological form of dualistic theory is simply the as- 
sumption of a metaphysical ordering and controlling principle of 
some sort as the basis of unity and order in the individual organism. 
The older vitalism was essentially the inference drawn from the un- 
critical observation of the behavior of living, as contrasted with non- 
living things and from introspection, and needs no comment here. 
The so-called neo-vitalism, however, is based to a considerable ex- 
tent on the data of modern experimental biology, and is concerned 
primarily with the question of order and unity in the organism, 7. e., 
the question of the organism as a whole. Driesch’s entelechy, for 
example, is the ordering and controlling principle which brings order 
and unity out of the physico-chemical complex (Driesch ’08, and 
earlier papers). 

This neo-vitalism unquestionably represents in some degree a 
reaction from the predeterministic conception of the organism. The 
neo-vitalist sees clearly the difficulties involved in the conception 
of organismic unity and order in predeterministic physico-chemical 
terms, but at the same time he fails to recognize the significance of 
environmental factors in relation to unity and order. Consequently 
the only way out for him is the assumption of a metaphysical order- 
ing and unifying principle to which he gives a name. The chief 
service of neo-vitalistic theory to biological thought is perhaps its 
clear recognition of the difficulties involved in physico-chemical 
predeterministic conceptions of the organism, but it fails to take 
account of environment. Driesch’s arguments against the “machine 
theory”’ of the organism ere valid only against predeterministic con- 
ceptions of the “machine” as consisting of specific or qualitatively 
different localized parts, and fall to the ground at once when it is 
conceived as a quantitative dynamic machine related in its action 
to environmental factors. Driesch used for example, the argument 
that “a machine cannot remain whole when separated into its parts” 
to prove, as he says, that a mechanistic interpretation of the recon- 
stitution of new individuals from the various isolated parts of a pre- 
existing individual is impossible. The argument holds only of the 
“machine” as specifically or qualitatively different in its different 
parts. If it is fundamentally a dynamic “‘machine,” e. g., an eX- 
citation-transmission process, or the record in protoplasm of such 
a process, it may remain whole when separated into parts just as 
truly as two flowing streams resulting from the division of one are 


if 


32 PHYSIOLOGICAL FOUNDATIONS . 


wholes to the same extent as the original stream. In short, the 
physiological gradient (Child, ’15 b, ’21 a) is a “machine” for which 
Driesch’s arguments do not hold. 

In general, the vitalistic or dualistic viewpoint with its negation, 
explicit or implicit, of the value of scientific method, does not pro- 
vide a solution of the problem of the organism which is intellectually 
satisfying to the inquiring mind, and real “ proofs of the autonomy 
of vital processes’’ are at present non-existent. Only when all phys- 
ico-chemical possibilities of experiment and interpretation shall have 
been exhausted without providing a satisfactory solution will a vital- 
istic formulation of the problem be scientifically justified. 


CONCLUSION 


If we admit that environmental factors play some part in order- 
ing and unifying the process of realization of hereditary potential- 
ities in the development of the individual organism we avoid the 
difficulties of predeterminism and do not require vitalism. We do 
not hesitate to say that certain potentialities given in the hereditary 
constitution of the protoplasm are realized only in relation to the 
action of an external factor. The pecking reaction of the newly 
hatched chick, for example, represents a high degree of integration 
of behavior, but although the machinery for it is present, the in- 
tegration itself occurs in relation to an environmental factor. Sim- 
ilarly the hereditary constitution of the particular protoplasm, the 
genes, factors or whatever we may call the hereditary potential- 
ities, constitutes, so to speak, the machinery for the development 
of the organism as a whole. The integration of this machinery into 
an orderly working unit, however, does not occur autonomously 
any more than the integration of motor behavior in later stages 
of development, but in the first instance only in response to the ac- 
tion of an environmental factor. From this viewpoint the organism 
as a whole represents an integration of behavior just as truly as do 
the complex motor reactions of later stages. Moreover, the organ- 
ism as an order and unity in protoplasm is the primary behavior 
integration on an organismic scale, and on it all others are based. 
Following chapters are devoted to the further development of this 
conception. 


CHAPTER IV 


THE GENERAL CHARACTERISTICS OF ORGANISMIC 
PATTERN 


In Chapter II it was pointed out that the organism stands in re- 
lation to environment at all points and that all of its characteristics 
are referable in one way or another to this relation. If this is true, 
it follows that the pattern of the organism in its more general features 
must constitute a physiological basis underlying the whole complex 
of reaction patterns and mechanisms, 7. e., the behavior in the broadest 
sense of the individual. As we pass from the general to the special 
features, the details of organismic pattern, we find that the more 
highly specialized and specific these features, the more directly are 
they concerned in some particular reaction pattern or mechanism of 
a particular species or group. We may say then that the general 
features of organismic pattern con- 
stitute the basis of physiological in- 
tegration of the organism and so 
make it possible for it to react in 
one way or another as a whole, while 
the special mechanisms of reaction 
depend not merely upon the presence 
of an organismic pattern but upon 
the material, the kind of protoplasm 
in which the pattern exists. 

When we compare different organ- 
isms we find that the most general 
features of organismic pattern are 
much alike for many different forms. A B 


For example, the same general plan of — Fic. 1.—Diagrammatic outlines of 


. polar-bilateral plant and animal: (A) a 
polarity and D metry in! fae’ 9 Sateen liverwort; (B) Planaria, a flatworm. 


in protoplasms of very different CON- The dominant region is the growing 


7 = tip in the plant, the head in the flat- 
stitution but as we progress from the oe eee cal, AE, 


general to the special in organismic ue 

pattern the part played by the specific constitution of the protoplasm 
becomes more and more conspicuous. The special mechanisms and 
structures which arise along a polar axis or a plane of symmetry in 


33 
a 


34 PHYSIOLOGICAL FOUNDATIONS = 


different species and groups depend not merely upon the existence of a 
polarity but upon the nature of the protoplasm in which the polarity 
or symmetry exists. For example, the liverwort Marchantia, the flat- 
worm Planaria (Fig. 1) show certain resemblances as regards the gen- 
eral plan of organization, but differ as regards the particular reaction 
mechanisms. Both forms possess polarity and bilaterality, that is, 
a longitudinal and a ventrodorsal direction of order: the planarian 
possesses a head region, the Marchantia a growing tip and these 
regions dominate or control in some way and to some degree other 
regions of the body within a certain range. But in spite of these gen- 
eral resemblances the two organisms are very different in structure 
and behavior because the protoplasms are different in constitution. 
The general organismic pattern merely determines a general plan 
or order of integration, but the sorts of parts, organs, mechanisms, 
etc., which are integrated depend upon the constitution of the proto- 
plasmic material. Ags a preliminary to further analysis along these 
lines it is necessary to determine if possible what the most general 
characteristics of organismic pattern are. 


THE RELATION OF DOMINANCE AND SUBORDINATION 


So far as the actual physiological relations which integrate the 
regions, parts or organs of an organism into an orderly whole are 
concerned, the fundamental characteristic of organismiec pattern ap- 
pears to be a relation of dominance and subordination of control and 
being controlled. The physiological relations between different 
regions or parts of an organism may be collectively called physio- 
logical or organismic correlation. Like the relations between organ- 
isms and the external world,they may be, on the one hand, material, 
2. €., chemical or transportative, consisting in the mass transportation 
of substance, or, on the other, dynamic, consisting in energy transfer, 
and the dynamic relations may be either mechanical or excitatory 
(see Chap. V). 

In material or chemical correlation between parts, the part pro- 
ducing a substance which influences another part controls the latter 
to some extent. This is also true in cases in which chemical rela- 
tions between the two parts are more or less mutual. Such cases are 
in some degree analogous to the social reaction system consisting of 
two groups of human beings between which mutual commercial re- 
lations exist. To take a rather primitive social system of this sort, 
one group for example inhabits the coast, the other an inland region. 
The first group exchanges fish, shell, salt, for skins, game, or perhaps 
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for metal articles. The articles received constitute a factor in deter- 
mining the further activities of the group in each case. 

In purely mechanical correlation the part in which the mechanical 
change is initiated dominates other parts, e. g., in the muscle- 
skeleton correlation, the muscle is dominant. In the mechanical 
correlation involved in circulation of the blood the heart is dominant, 
but as regards particular regions vaso-motor factors exercise a cer- 
tain degree of control. In other forms of mechanical correlation 
dominance and subordination are also concerned in some way. 

The relation of dominance and subordination appears most clearly, 
and is most important in excitation and its transmission. The point 
of primary excitation is the region of primary dominance, and as 
each adjoining region is excited in the course of transmission it be- 
comes dominant over regions still unexcited. If a decrement occurs 
in transmission so that an excitation-transmission gradient appears 
(see pp. 186, 195) the region of primary excitation dominates the 
whole gradient because it is the chief factor in determining its exist- 
ence. This sort of dominance and subordination is most highly de- 
veloped in the nervous system of higher animals and its relations 
to other parts, but is a general feature of organismic pattern, since 
all protoplasm is excitable and to some degree capable of transmission. 

The harmonious activity of different parts or organs, particularly 
in the motor reactions of organisms, we call coérdination. It is this 
coérdination which gives organismic behavior its orderly and defi- 
nite character. The complexity of codrdination increases with the 
complexity of mechanism and in the higher animals and man mus- 
cular coédrdination, for example, is almost inconceivably complex. 
We know that the acts of walking, flying, swimming, necessitate the 
harmonious activity of many different muscles and muscle groups 
and that the acquirement of skill in highly specialized motor reac- 
tions, such as writing with pen or typewriter, or playing the piano 
or violin, really consists in the development of a greater delicacy 
and refinement in coérdination. 

The conspicuous character and importance of this harmony or 
coordination in reaction has perhaps tended to obscure the fact that 
the coérdination pattern represents physiologically a system of re- 
lations of dominance and subordination. In playing the piano, for ex- 
ample, a relation of dominance and subordination exists, first be- 
tween the sensory cells, the receptors of the eye which receive the 
elements of the sense impression of the notes on the printed page, and 
their nerve fibers which transmit the excitation; second, between the 
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ends of these fibers and other nerve cells stimulated by them, and so 
on, through various parts of the central nervous system until the 
motor neurons, leading to the effectors, in this case the muscles, and 
dominating them are reached. The coérdination of parts in the reac- 
tion actually consists of relations of dominance and subordination, of 
control and being controlled. The order of these relations depends 
in any case upon the mechanisms concerned, that is, upon the manner 
in which the series of relations of dominance work out in that par- 
ticular organism at that particular time. Differences in physio- 
logical state of different neurons resulting from previous relations 
may determine that one is dominated by a certain nerve impulse 
reaching it, while another is not so dominated. In this way the 
Cc further path of the im- 

R] Z 5 £ pulse is determined. In 
fact it is evident that 


Fig. 2.—Diagram of a simple reflex arc: (R) receptor; the whole reflex are 
(C) center (adjustor); (2) effector; (1) afferent neuron; (Fig. 2) consists fun- 
(2) efferent neuron (from Herrick, 22). 3 : 

damentally in a series 


of relations of physiological dominance and subordination, from the 
receptor, the sense organ, through the conductor to the central or- 
gan the adjustor, from this again through the efferent neuron to the 
effector, e. g., the muscle. 

According to this brief analysis, the physiological factor primarily 
concerned in the integration of the regions or parts of an organism 
in organismic reaction is a relation of dominance and subordination. 
This dominance and subordination may be determined in one of 
three possible ways, 7. e., by mechanical correlation, by material, 
chemical or transportative correlation, or by excitation and its trans- 
mission. The question of the réle which these different sorts of 
dominance and subordination play in the origin of organismic pattern 
is considered in later chapters. 


THE SPATIAL AND MORPHOLOGICAL FACTORS IN ORGANISMIC PATTERN 


The fundamental spatial factors in organismic pattern are those 
which determine the localization and arrangement of organs and parts, 
and so the form of the whole. Whatever their nature, they consti- 
tute the general spatial plan of organization which underlies devel- 
opment and differentiation. The most general characteristics of 
spatial pattern in organisms are physiological polarity and symmetry. 

Since polarity and symmetry of some sort are of Wide, if not of 
universal occurrence among anisorgms, they must be in large meas- 
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ure independent of the differences in specific constitution of the 
different protoplasms, or else they must differ in nature in different 
protoplasms. In relation to polarity and symmetry there are in fact 
only three components of pattern in all organisms (see p. 26, Chap. VI). 
These are the radiate, the polar or longitudinal and the bilateral or 
dorsoventral. In the radiate pattern the arrangement of parts is 
geometrically about a point, in the polar pattern it is referable to 
a line and in the bilateral pattern to a plane, the so-called plane of 
symmetry. It is important, however, to note that physiologically 
a bilateral pattern may result from ventrodorsality or dorsoventral- 
ity, that is, the general direction of the order or pattern may be 
either ventrodorsal or dorsoventral, in other words neurohaemal, 
so far as animals are concerned, but since the organism is tridimen- 
sional, dorsoventral difference involves also a difference between 
median and lateral, and right and left sides are mirror images of each 
other, hence the term “bilaterality.” In other words, as regards 
the right and left sides of the body, the primarily ventrodorsal or 
dorsoventral order consists of two similar components in opposite 
directions from the median plane, but viewed as a whole it represents 
only the one order. 

The botanists have apparently recognized this fact more clearly 
than the zodlogists, perhaps because of the direct relation of the 
dorsoventral order in many plants to an environmental differential 
in one direction. In the present book the terms “ bilaterality”’ and 
“bilateral symmetry” are employed in conformity with general z06- 
logical usage, but it is important from the physiological viewpoint 
to recognize the fact that bilateral pattern may be an incidental 
feature of a single order at right angles to the polar axis and deter- 
mining primarily ventrodorsality or dorsoventrality. We very com- 
monly refer bilateral symmetry to both a transverse and a dorsoven- 
tral axis, but though our knowledge of the physiological conditions 
underlying bilaterality is still far from complete, it seems to be true 
that the bilaterality of whole organisms is usually the result of a 
physiological order in one direction, a direction different from that 
determining the polar pattern. Obviously, however, the origin of 
bilaterality is possible by a direct determination of a physiological 
order in two opposite directions independently of, and preceding de- 
termination of a dorsoventral order. This possibility may be real- 
ized in various cases. And finally the asymmetric modifications of 
bilaterality result from differences in the two sides which must be 
determined by special conditions. These conditions may be different 
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in different cases, but concerning them we know as yet practically 

nothing. 
Polarity and symmetry constitute in some way the basis of the 

geometric order or plan of the organism. They represent, so to speak, 


A 





Fias. 3-5.—Various types of radiate organismic pattern: Fig. 3, diagram representing 
surface-interior pattern. All radii (AC), (HC), (KC), ete., are alike and the only 
regional differences are along the radii from surface to interior; Fig. 4, diagrammatic 
outline of a hydromedusa. The two radii of each diameter represent similar orders, 
but in opposite directions; Fig. 5, diagrammatic outline of a starfish. The two radii of 
each diameter represent dissimilar orders and indications of bilaterality are present in 
the position of the madreporite (m), and of certain internal organs. In Figs. 4 and 5 
general plan of central nervous system, (ns) is indicated. 


a system of coédrdinates to which we refer organismic pattern. The 
simplest conceivable organisms are those in which differences exist 
merely between surface and interior (Fig. 3). Such organisms are 
completely or spherically symmetrical, that is to say, the geometric 
plan of the pattern is represented by the radii of a sphere. Most 
organisms, however, show some degree and kind of axiate pattern 
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(Figs. 4-9), 7. e., some combination of polarity and symmetry. As 
regards the chief axis, axiate organisms are heteropolar, 7. e., the 
polar axis represents the direction of an order, agra and 
relation in which each level differs from all others (Figs. 4-9). The 






ae BR a 3 
~LU- 
nH 





RIE, NP oye 






ae 






aed 







oS re NS > 


AY RS ot Fon eh ae aaa STB, 
& eee Fes Se WS uel neo ake cer th tg een 





I 


SP ok te 
OR, SR ee 








ied aes 


8 9 


Fics. 6-9.—Bilateral patterns and spiral modifica- 
tions: Fig. 6, diagrammatic figure of Planaria as exam- 
ple of bilateral pattern, (ns) central nervous system 
(from Child, 715 ¢); Fig. 7, diagrammatic transverse 
section of Planaria (ns), longitudinal nerve cords; Fig. 8, 
Paramecium showing spiral course of oral groove; Fig. 9, 
a rotifer, Diurella tigris, showing the spiral ridge along 


body (from Jennings, ’03). 


axes of symmetry, 7. e., the directions in which the order consti- 
tuting symmetry appears, may be either homopolar or heteropolar. 
They are homopolar in certain radiate forms (Fig. 4) in which the 
two radii of a diameter represent similar‘orders, but in opposite di- 
rections, 7. €., are mirror images of each other, and in bilateral forms 
in which the medio-lateral orders are likewise in mirrored rela- 
tion, 7. e., similar, but in opposite directions (Figs. 6, 7). In cer- 
tain other radiate forms the symmetry axes are heteropolar, e. g., 
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in starfish and sea urchin (Fig. 5), and the two radii of a diameter 
represent more or less dissimilar orders, opposite in direction. Again, 
the dorsoventral axis in bilateral forms is heteropolar, 7. e., a single 
order, each level differing from others (Fig. 7). And finally, there 
are spiral modifications of radial and bilateral pattern (Figs. 8, 9) 
and left and right lateral asymmetries of many different parts occur 
in many forms, e. g., the visceral asymmetry in mammals and man. 

Even if it is true that these different forms of spatial pattern are 
independent or largely so of the specific differences of different pro- 
toplasms, the kinds of organs and parts which appear in the pattern 
must depend more or less upon the specific differences. The apical 
end of a plant axis, for example, develops as a growing tip, the apical 
end of a hydra as a mouth region surrounded by a ring of tentacles. 
Again, in bilateral forms the anterior end may be a growing tip, as 
in Marchantia, a head, as in bilateral animals (Fig. 1). In other axes 
also, the working out of the pattern differs in different protoplasms. 
Evidently then, organisms with the same general plan may be very 
different in actual structure because the materials, the protoplasms, 
are different. 

The general spatial pattern also constitutes the basis on which 
the relations of dominance and subordination characteristic of the 
particular organism develop. In the spherically symmetrical pat- 
tern there is no fixed dominance, except in so far as such a relation 
may arise between surface and interior. In the cell, for example, 
the nucleus appears to dominate the cytoplasm in certain respects, 
while in others it is probable that the cytoplasm, or some part of it, 
dominates the nucleus. Undoubtedly these relations are, in part 
at least, transportative or chemical, but whether a transmissive fec- 
tor is concerned, we do not know. As regards the different parts 
of the surface there is no fixed dominance. Differential excitation 
may determine the dominance, now of one part, now of another. 

The axiate pattern differs from this in constituting a basis for 
definite and fixed relations of dominance and subordination, though 
their range and degree may vary widely according to conditions. In 
the axiate plant the growing tip dominates the axis, and in the ani- 
mal an apical region or head, containing the chief aggregation of 
nervous tissue represents the primary dominant region. The sym- 
metry pattern also determines certain minor relations of domin- 
ance and subordination, e. g., between peripheral and central in 
radiate forms, and between dorsal, lateral and ventral in bilateral 
forms. The complication of axiate pattern in the symmetrical ani- 
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mals, and particularly in the vertebrates, brings with it complica- 
tions in the relations of dominance and subordination, and in higher 
vertebrates and man the nervous relations have become almost in- 
conceivably complex. But whatever the differences in the work- 
ing out of the details of pattern in different protoplasms, the general 
spatial pattern as expressed in polarity and symmetry, and the pat- 
tern of physiological relation, as expressed in the relation of domin- 
ance and subordination, are indissociable. In fact, as will appear, 
the evidence indicates that they are different aspects of the same 
general factor which constitutes the basis of organismic pattern in 
protoplasm. 


ORGANISMIC PATTERN AND INDIVIDUAL ORGANISMS 


From the viewpoint of this chapter, the general features of or- 
ganismic pattern must be clearly distinguished from the specific 
morphological and physiological characteristics of individual organ- 
isms. These latter represent the working out of an organismic pat- 
tern in a specific protoplasm as material. Organismic pattern in 
general stands in somewhat the same relation to the individual or- 
ganism as the plan of a house does to a particular house. The in- 
dividual house represents the plan worked out in certain materials. 
Organismic pattern is what distinguishes an organism from other 
things. But the particular kind of organism depends not merely 
upon the presence of an organismic pattern but upon the specific 
protoplasm in which the pattern is worked out. 

In the case of physiological polarity, for example, whatever we 
may conceive its nature to be, we believe that it is essentially sim- 
ilar in different organisms. If then we discover what polarity is in 
one sort of organisms we are justified in concluding that polarity in 
other organisms is similar in nature. But in each kind of organism 
the polarity exists in a specific protoplasm and this protoplasm de- 
termines how the polarity pattern shall work out in each particular 
case. The polarity does not determine whether an axiate plant or 
an axiate animal, or whether a particular species of plant or animal, 
shall arise: it merely determines a physiological axis along which the 
differentiations determined by the hereditary potentialities of the 
particular protoplasm occur. 

The pattern is first of all a factor in the physiology of develop- 
ment, 7. e., in the realization of hereditary potentialities of the par- 
ticular protoplasm in which it exists. Something determines which 
potentialities shall be realized in each particular region of the de- 
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veloping organism and this something is the organismic pattern. 
For example, in certain liverworts, as well as various other plants, 
every cell is potentially able to give rise to a new growing tip and 
so to a whole new individual, but normally only a certain cell de- 
velops as a growing tip and the others perform other functions in 
an orderly way. Again in Planaria and various other animals, every 
level of the body is potentially capable of giving rise to a head, but 
in the normal animal the head arises only from certain cells at one 
end of the axis. The potentialities are given in the hereditary con- 
stitution of the protoplasm and are realized as the organismic pat- 
tern determines. 

In short, the facts indicate that the specific constitutions of par- 
ticular protoplasms are not the only nor the primary factors in de- 
termining the origin of the individual organism as a physiological 
order and integration appearing in a protoplasmic substratum. Un- 
questionably the constitution of the particular protoplasm deter- 
mines the kind or species of individual which develops, but the real 
question is whether this constitution alone does or can determine 
that an organism shall arise. In other words, is not an organism 
the result of a reaction of a protoplasm to environment, and since 
all protoplasms give rise to organisms is not this reaction fundamen- 
tally non-specific with respect to the constitutions of particular pro- 
toplasms? An attempt to answer this question is reserved for later 
chapters. 


CHAPTER V 


THE MECHANISMS OF PHYSIOLOGICAL CORRELATION 
AND THE ORGANISM AS A WHOLE 


In the preceding chapter it was pointed out that the fundamental 
physiological characteristic of organismic pattern is a relation of dom- 
inance and subordination established by physiological correlation 
between parts. Physiological integration takes place on a basis of 
dominance and subordination or control and being controlled. Some 
further consideration of the various mechanisms of integration and 
of the part played by each is necessary. 


THE FACTORS OF PHYSIOLOGICAL INTEGRATION 


In physiological integration of the organism two sorts of factors 
are evidently concerned: differences in physiological condition or 
constitution in different regions or parts, 7. e., specialization or dif- 
ferentiation, and physiological correlation of one sort or another be- 
tween parts. The existence of definite and orderly physiological 
correlation between parts depends of course on the existence of defi- 
nite and orderly physiological differences in the parts concerned, 
however such differences may have arisen. These two factors, then, 
physiological differences in and physiological correlation between 
parts constitute ‘the organism as a whole.” Given the pattern of 
the individual organism, the mechanisms which make it behave as 
a whole are the mechanisms of physiological correlation. The prob- 
lem of the organism as a whole is the problem of the origin, develop- 
ment and maintenance of the mechanisms of integration in their 
relation to origin, development and maintenance of the individual. 
This is first of all a problem of physiology, not of heredity, because 
as we have seen, heredity does not account for the individual, but 
merely for the potentialities some of which are realized in the indi- 
vidual. 


PROTOPLASMIC AND ORGANISMIC MECHANISMS OF INTEGRATION 


At the risk of some repetition it s:ems necessary to emphasize 
once more the point developed in Chap. IL (pp. 8-10), that the or- 
ganism represents, not simply the integration which constitutes 
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life, but an integration of living systems which differ in some way 
from each other, 7. ¢., an integration of different rates or kinds of 
living. To determine how these different sorts of life differ from each 
other, how the differences arise, how they are localized as different 
regions or parts of the organism and how they determine physi- 
ological correlation, this is to determine what the organism as a 
whole is. 

The assertion that organismic pattern is a pattern on a larger 
scale than that of protoplasm (pp. 4, 8-12) is simply an assertion of 
this fact, that the organism is an integration of living protoplasms 
rather than merely the sort of integration which constitutes life. 
Physiological correlation in the proper sense then comprises all the 
physiological relations between the different living protoplasms and 
their products which make up the parts, organs, tissues, etc., of an or- 
ganism. It obviously constitutes relation of higher order of magni- 
tude than the relations between the components of a single proto- 
plasmic system. 

However we define life and wherever we draw the line between 
living and non-living, it remains true that an organism as an individ- 
ual represents an integration into an orderly whole of ways of living, 
differing either quantitatively or qualitatively from each other. 
These different ways of living are given as hereditary potentialities 
in the so-called germ plasm out of which the individual develops, and 
each organism represents in its various parts the realization of cer- 
tain of them. As soon as differences or parts appear, physiological 
correlation between them becomes possible and constitutes the 
mechanism of integration. 

Like the relations between living protoplasm and its external en- 
vironment (see pp. 12-17) the physiological relations between the 
different protoplasmic systems, parts, organs, etc., of an organism 
are either material, involving primarily the mass transportation of 
substance, or dynamic, involving primarily the transfer of energy. 
We must learn something of the forms in which these two groups of | 
correlative factors appear in the organism and of their réles in the 
process of organismic integration. 


MATERIAL OR TRANSPORTATIVE CORRELATION 


Material correlation includes all those relations between parts in 
which the essential feature is the transportation in mass of a sub- 
stance or substances from one to the other or others. The manner in 
which the transportation occurs may differ widely in different cases, 
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but this is a matter of detail. For example, a substance may be 
transported passively in solution or in suspension in a moving fluid 
within the body as in the case of salts, sugar, fats, etc., in the blood 
of animals and to some extent salts and sugar in the sap of plants. 
Again simple osmotic factors or more commonly the more complex 
condition commonly known as semi-permeability may be concerned 
in transportation. It is by no means necessary to assume that the 
substance always remains unchanged during transport. It may un- 
dergo electrolytic, dissociation or association, or it may enter chemical 
reaction, in fact, transportation in many cases may consist in the pas- 
sage of a chemical group from molecule to molecule in a certain di- 
rection. But whatever the method of transport the essential char- 
acteristic of material correlation is that the effect produced is in 
some way associated with the physico-chemical constitution of the 
substance transferred. Certain substances may produce at least 
some of their correlative effects through certain generic character- 
istics which they share with many other substances: for example, elec- 
trolytes and their ions may produce correlative effects of electrolytic 
or ionic character quite apart from their chemical constitution; CO, 
as well as many other substances may produce effects through change 
in the hydrogen-ion concentratior. Various substances may alter 
surface tension, water content, colloidal dispersion, etc., and so 
bring about correlative effects in a generic rather than in a specific 
way. 

In many other cases there is a greater degree of specificity in material 
or transportative correlation, and the effect produced is apparently 
in some way related to the chemical constitution of the substance 
transported. The products of the glands of internal secretion, e. g., 
the thyroid, the adrenals, etc., are commonly regarded as examples 
of this sort of transportative correlation, 7. e., so-called chemical 
correlation. Such substances known or postulated are now often 
called hormones, 7. e., substances which arouse, activate, or set in 
motion something, viz., a physiological process. The researches of 
recent years have shown that chemical correlation of this specific 
sort is of very great importance and complexity in the higher animals 
and man, and some physiologists have been inclined to regard it as 
the fundamental factor in physiological integration. Sach’s theory 
of formative substances and its later modifications in the hands of 
Loeb, Morgan, Conklin and others are essentially theories of physio- 
logical integration which either assert or imply the fundamental 
importance of chemical correlation in embryonic or regulatory devel- 
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opment. Ritter (’19, Chaps. XVIII-XX) is also inclined to regard 
material correlation as the primary factor in organismic integration. 

Concerning the importance in physiological integration of material 
or transportative correlation in general and of those forms of it com- 
monly called chemical correlation there can be no possible doubt. 
In general the specificity and complexity of this sort of correlation 
undoubtedly increase with the increase in number and specialization 
of different organs and tissues, and are therefore greatest in the higher 
animals and man. Many facts also indicate that the specificity and 
complexity of chemical correlation increase in the course of individual 
development. It is not difficult to understand how this comes about: 
increase in degree and complexity of specialization of organs and 
tissues means a more highly specific chemical constitution of each; 
with this is associated more highly specific metabolic reactions and 
products; and finally these factors must be concerned in determining 
a higher degree of specificity of chemical correlation between organs 
and parts of the highly specialized species or stages. 

These facts in themselves are highly significant with respect to 
the réle of transportative correlation in physiological integration. 
They show clearly enough that trans- 
portative correlation depends first of 
all upon the existence of differences of 
some sort in the parts concerned. If 
we conceive the organism as a physico- 
chemical system we cannot doubt that 
specific chemical correlation between cer- 
tain parts depends upon the existence of 
specific differences in those parts. The 
specific substance transported must be 

Fie. 10.—Diagram illustrating PYOduced in one or certain of them and 
a4 ode ie eicueiie cor- produce certain effects in others. More- 
correlation between the difern, OVer, if this sort of correlation is orderly 
rea Ge he she ay and definite in character as it is in organ- 
ATR eRRS® Teas hay, isms, the differences on which it depends 
arisen between the regions con- must be orderly and definite. Such dif- 
porns ferences cannot originate through trans- 
portation of a substance because if all parts are alike all will produce 
the same substances in the same amounts. To illustrate by a simple 
diagram (Fig. 10), transportative correlation exists between A on the 
one hand and B and C on the other. A must be different from B and 
C: it must represent to some extent a different organ or tissue. Simi- 
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larly if transportative correlations exist between B and E and between 
C and D all four of these regions must be different from each other in 
some way, otherwise definite relations would be impossible. Moreover, 
as noted above, transportative correlation as we find it in the organism 
differs in order of magnitude from the physico-chemical relations 
between molecules or chemical groups which constitute life in a proto- 
plasmic system. It is not merely the process of living in such a system 
but it is a material relation between different protoplasmic, cellular 
or multicellular systems in which the process of living is different in 
some way (pp. 8-12). 

It is clear then that transportative correlation cannot exist until 
the different systems are present, that is to say until the organismic 
pattern has appeared, therefore it cannot originate such pattern. The 
flow in opposite directions of stem-forming and root-forming sub- 
stances postulated by Sachs for plants cannot occur autonomously, 
but becomes possible only when regional differences of some sort are 
present which determine such flow. Such differences may conceivably 
be either inherent, or determined by external conditions, but in any 
case they are more fundamental factors than the hypothetical sub- 
stances in determining the pattern of the plant. The segregation of 
substances in the animal egg, or along the axis of the animal organism 
must be determined by preéxisting differences of some sort in the 
different regions. Hormone relations between parts are possible only 
when the parts are already different. There is in fact no escape from 
the conclusion that transportative correlation as a material correlation 
between living systems cannot of itself originate organismic pattern, 
but is itself a consequence of the existence of such pattern. The basis 
of that pattern must be some factor, either inherent or external, which 
is able to determine in an orderly and definite way in a protoplasm, 
a cell, or a cell mass the regional differences in the rate or kind of the 
processes of living on which material correlation depends. Only 
through the origin of such regional quantitative or qualitative differ- 
ences can an actual organism arise, and transportative correlation in 
the organism is an incident and consequence of the fundamental 


organismic pattern. 
DYNAMIC CORRELATION 


Dynamic correlation involves primarily the transfer or transmission 
of energy rather than the mass transport of material. Transport 
of ions or of electrons from one molecule or atom to another must of 
course occur in various forms of dynamic correlation, but such trans- 
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port differs in process and effect from the mass transport of sub- 
stances. In dynamic correlation the essential factor is the energy, 
while in material correlation it is the particular substance. Of course 
various substances transported in the body serve as sources of energy, 
but the energy is liberated in these cases through chemical reaction 
after they have been transported to certain parts of the body, while 
dynamic correlation is initiated by an energy change and this change 
is then transmitted in one way or another. 

Dynamic correlation in the organism is accomplished chiefly in 
two ways: through the direct mechanical transmission by pressure 
or tension of mechanical changes; and through the transmission of 
excitation. Of course transmission or conduction of other forms of 
energy, heat, light, electricity, may occur in living protoplasms, and 
be of some correlative significance. The conduction of heat, for ex- 
ample, is important in maintaining and regulating body-temperature. 
The transmission of light through the refractive apparatus of the eye 
makes vision possible. Conduction of electricity is probably occur- 
ring in all living organisms at all times. But the chief importance of 
these forms of energy as correlative factors lies in their relation to 
excitation and its transmission. All forms of energy may bring about 
excitation in living protoplasm and the chief significance to the or- 
ganism of all except mechanical energy is as excitatory agents, 7. e., as 
factors initiating energy changes of definite character in the living 
system. It is true, therefore, even though transmission or conduction 
of any form of energy may occur in protoplasms, that dynamic cor- 
relation in the organism is chiefly either mechanical or excitatory and 
transmissive in character. 

Mechanical and transmissive correlation.—Purely mechanical 
correlation consists in pressure and tension. In such correlation the 
source of the energy involved is wholly external to the part affected. 
This behaves as inert body in accordance with the laws of mechanics. 
For example, in development change of shape of a part may be brought 
about mechanically by the pressure of other parts upon it, or by 
tension of growth. Again, movements of parts by means of muscles 
represent primarily mechanical correlation. Mechanical correlation, 
as the term is used here, means merely the mechanical factor in phys- 
iological correlation. Any mechanical correlation may have non- 
mechanical, as well as mechanical effects. The effects of pressure and 
tension on living parts are not purely mechanical, but may include 
changes in the protoplasmic system itself. Nevertheless, the purely 
mechanical factors constitute so definite a feature of correlation and 
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are so widely different from the factors of excitation and transmission 
that the distinction is useful. 

Excitation and transmission differ from mechanical correlation in 
that they involve reversible or partly reversible changes in the energy 
relations between components of the protoplasmic system. Since 
all protoplasms are highly complex physico-chemical systems in which 
the various changes are closely interrelated, alteration of the energy 
relations of the system results in general, either in excitation, an 
acceleration, or in inhibition, a retardation of living. In these changes 
the external factor merely initiates and the result is determined pri- 
marily by the energy relations within the protoplasm, not by the 
energy of the external factor. For present purposes excitation rather 
than inhibition is of primary importance. 

All living protoplasms are irritable or excitable to some degree, 
both hy various extra-protoplasmic dynamic factors and by the 
dynamic factor concerned in excitation of an adjoining protoplasmic 
region. The excitation of one protoplasmic region by another in 
continuity with it constitutes physiological transmission of excitation. 
Undoubtedly the changes which constitute excitation differ to some 
extent in different protoplasms and perhaps in the same protoplasm 
under different conditions. The relations between chemical reactions, 
e. g., the oxidations, and physical changes in excitation may differ 
widely in different protoplasms, and it is not at all improbable that 
the primary change which brings about excitation differs in different 
protoplasms or even in the same protoplasm with different exciting 
factors. But in spite of such differences it is clear that excitation in 
general involves acceleration in certain changes which liberate energy 
in living systems, and in a broad sense it may be regarded as an accel- 
leration of livnig. Excitation rather than inhibition is important in 
correlation because from what has been said it appears that so far as 
known inhibition is not transmitted as such. The existence of inhibi- 
tory nervous correlation is of course a familiar fact, but in such cases 
the inhibitory effect is apparently produced, not by transmission of an 
inhibitory change, but by transmission of an excitation and the mech- 
anism of the final inhibitory effect is still obscure. 

Dynamic correlation in relation to organismic pattern. — As re- 
gards the part played by dynamic correlation in physiological in- 
tegration, it is evident at once that transmission of excitation 1s far 
more important than purely mechanical correlation. Mechanical 
correlation may be a factor in determining shape and position of 
various parts, and as already pointed out, it is an essential feature 
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in motor reactions, but it is evident that a definite and orderly me- 
chanical correlation, such as we find in organisms, is dependent upon 
the existence of definite and orderly organismic pattern in which 
differences of mechanical condition exist at different points. In the 
function of motor organs generally, from cilia and flagella to the 
complex musculoskeletal systems of the higher animals, mechanical 
correlation is an essential factor, but the correlation is a result of 
the pattern and has nothing to do with its origin. Again, mechan- 
ical relations of pressure and tension may affect growth and differ- 
entiation, though their action in such cases is not directly mechan- 
ical, but rather a matter of excitation or inhibition. The internal 
structure of bone, the direction of connective tissue fibers in tendons, 
apparently also the differentiation of muscle, if Carey’s conclusions 
are correct (Carey, ’20, ’21), are determined by reactions of living pro- 
toplasm to relations of pressure and tension and similar reactions 
are undoubtedly concerned in many other differentiations. In these 
cases, as in purely mechanical correlation, the mechanical relations 
which determine the growth and differentiation are themselves de- 
termined by the organismic pattern. The mechanical relations of 
differential growth are possible only when different parts have been 
determined and are growing in an orderly way. In short, mechan- 
ical correlation though obviously a factor of great importance in 
motor behavior, and also concerned in growth and differentiation 
is, like material or transportative correlation, a secondary factor in 
organismic integration. 

It remains to determine whether the other form of dynamic cor- 
relation, the transmission of excitation, will throw any further light 
upon the problem of physiological integration. In the first place 
attention was called above to the fact that all living protoplasms are 
to some extent excitable by external factors and capable of trans- 
mission of such excitation. Although the processes of excitation 
and transmission may differ in details in different protoplasms, ex- 
citation and transmission are, generically speaking, non-specific in 
the sense that they occur in some form in all protoplasms independ- 
ently of their differences in constitution, Second, the only pattern 
necessary for the occurrence of excitation and transmission is the 
pattern of a protoplasm with a limiting surface in contact with en- 
vironment. Preéxisting physiological axes and differentiation of 
different regions are entirely unessential. Excitation is primarily 
a reaction of a living protoplasm to an external dynamic factor and 
transmissive correlation is the excitation of one protoplasmic region 
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by another. In other words, the regional physiological differences 
which make transmissive correlation possible arise through the local 
action of an external factor. If we imagine a living protoplasmic 
system without any regional pattern of organismic magnitude ex- 
cept a limiting surface, which is merely that part of the protoplasm 
in contact with the external world and completely reversible, it is 
evident that local excitation of such a system at any point such as 
A (Fig. 11) introduces a differential not previously present. The 
region A as an excited region excites adjoining regions and trans- 
mission occurs to B and C, and if the decrement is not too steep, to 
D and E£E or still further. 

The presence or absence, or the steepness of decrement in the de- 
gree or the intensity of the excitatory change in the course of trans- 
mission depends upon the constitution 
of the particular protoplasm concerned. \4 
It is apparently true, however, that in 
most if not in all protoplasms in which 2 C 
specialized conducting paths are not 
present, such a decrement appears, so 
that the range of effectiveness of trans- 
mission is limited. In such a primitive 
transmission process points at different p E 
distances (B and D, or C and E, 

Fig. 11) from the point A of the origin 
of the excitation will show different Fic. 11.—Diagram _ illustrating 
. the basis of transmissive correla- 
degrees of excitatory change, decreas- tion. For the occurrence of trans- 
ing from A toa point at a greater or missive correlation preéxistent dif- 
3 : : ferences between any of the regions 
less distance from A at which it ceases (4-7) are not necessary. Excita- 
to be effective in producing further tion of some point (A) determines 
ae the differential which initiates 
transmission. The result of the ex- gansmission. 
citation at A is then an excitation- 
transmission gradient of greater or less length, the different levels 
of which represent different degrees or intensities of excitation. 

Moreover, A being the region of primary excitation is to some 
degree physiologically dominant over other regions (B, C, etc.), 
to which the excitation is transmitted, because through this trans- 
mission it has more effect upon them than they upon it. 

There is no escape from the conclusion that the excitation of A 
and the transmission of this excitation to a greater or less distance 
gives rise, at least momentarily, to a new organismic pattern. The 
region of primary excitation, A, becomes the dominant region and 
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other regions B-H within the range of the transmissive correlation 
become subordinated to it. Before the excitation occurred at A such 
pattern was not present, nor represented in any way in the proto- 
plasmic system. The potentiality of excitation and transmission 
was of course present, but this in itself could not determine the 
pattern which results from excitation at A. Here then the action 
of an external factor is necessary for the realization in the form of a 
definite physiological pattern of the potentialities of the protoplas- 
mic system. Moreover, such a pattern cannot possibly arise in the 
first instance except through the local or differential action of an 
external factor. 

Such an excitation-transmission pattern possesses all the fundamen- 
tal characteristics of a new organismic pattern in the protoplasmic 
mass. It determines localized differences at different points, A, B, 
D, in the dynamic changes constituting life, these differences deter- 
mine physiological correlation between the different regions with 
A as the dominant region and these differences and relations con- 
stitute a physiological axis with A as one pole. This pattern con- 
stitutes for the time being a new physiological integration, a new 
order and unity in the protoplasmic mass, and this new integration 
is determined, not by heredity, but arises as a reaction of the liv- 
ing protoplasm to environmental factors. In other words, it is a 
behavior pattern and the most primitive behavior pattern which 
can arise in a living protoplasmic system. Only the potentiality of 
excitation and transmission is determined by heredity in the proto- 
plasm. The actual excitation-transmission pattern arising in any 
particular protoplasmic mass is a matter of the behavior of that mass 
in a particular environment. 

There can be no question then that pattern of organismic charac- 
ter and magnitude can arise at least temporarily through excitatory 
reaction of a protoplasm to an environment. Such a pattern is ob- 
viously a behavior pattern, even though in the absence of specialized 
mechanisms it does not lead to movement or other directly visible 
reaction. If such an excitation-transmission gradient is able to bring 
about more or less persistent changes in the protoplasm it may be- 
come the starting point of a permanent physiological axis and so 
of the pattern of an axiate organism. In following chapters it will 
appear that the physiological axes in their simplest terms are very 
similar to, if not identical with such excitation-transmission gra- 
dients and that they may arise through the non-specific differential 
action of external factors, 
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THE PROBLEM OF THE ORIGIN OF DIFFERENTIATION 


We have seen that physiological correlation and the integration 
which constitutes the organism as a whole are impossible without 
the existence of orderly and definite differences, either quantitative 
or qualitative, in different regions and parts of the organism. Such 
differences are characteristic features of organisms and individual 
development appears to consist in the localization and progressive 
specification of such differences and the progressive complication 
of mechanisms of correlation between the different parts. In Chapter 
III it was pointed out that current theories of heredity do not provide 
any basis for the process of differentiation in individual development. 
If we accept these theories, differentiation in the individual must 
apparently originate in the action of external factors upon the proto- 
plasm. External factors may conceivably act directly and specifically, 
determining specific differentiations in the parts acted upon, or they 
may produce non-specific or quantitative effects. In the latter case 
specific or qualitative differentiations can result only indirectly from 
their action. 

Examination of the specific material relations between proto- 
plasm and the external world indicates that such relations do not 
play any considerable réle, if any rdle at all, in directly localizing and 
initiating differentiation. For example, we do not usually find that a 
region of a cell or a cell of a group, into which a specific substance 
enters from the exterior, is thereby made specifically different from 
other regions or cells. If the specific substance is nutritive in 
character, it is either broken down and parts of it are synthesized 
into the protoplasm of the species, or it becomes a source of energy. 
In either case it loses its specific character without determining a 
persistent specific differentiation in the part entered by it. A specific 
substance may of course produce excitation, but this is not a specific 
effect for that substance: again, it may be toxic, but the action of 
toxic agents is certainly not of great importance in initiating differen- 
tiation of parts in the individual. There may be cases of the origin of 
specific differences in organismic pattern through specific differences 
in the material relations of different regions or cells with environ- 
ment, but it is evident that organismic pattern in general does not 
originate in such manner. Even if specific differences do arise in this 
way in a protoplasmic region, a cell, or a cell group, we find in general 
that the specific substances are gradually distributed to other regions, 
cells, or cell groups. Certainly the localized entry of specific sub- 
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stances is not of fundamental importance as a direct factor in origi- 
nating the specific regional differentiations of organismic pattern. 

Gravity may conceivably be a factor in distributing and localizing 
specifically different substances on a basis of weight and so in initiat- 
ing differentiation. The question of the relation of gravity to differ- 
entiation in organisms has been the subject of much investigation and 
discussion. It has long been known that in many plants the locali- 
zation of regions of outgrowth of roots and stems may be determined 
in part by gravity. Loeb (’91) has maintained that localization of 
regions of outgrowth of stem-axes and of stolon-axes is determined by 
gravity in the hydroid Antennularia, but the later work of Morgan 
(01) and Stevens (’02, ’10) has shown at least that other factors 
than gravity may determine this localization. Moreover, a similar 
localizing action of gravity has not been observed in other animals. 

The localizing action of gravity in plants appears to be a gen- 
eral predisposing rather than a definitely localizing action. It may 
favor or determine outgrowth of roots or rhizoids in a certain general 
region of the plant and of shoots in another region, but so far as is 
known it does not determine the localization or the polarity of indi- 
vidual root axes or bud axes. For example, in a piece of willow stem 
as well as various other plants in horizontal position gravity favors 
development of roots on the under side and of shoots on the upper 
side, but although the action of gravity on all the cells along the mid 
line of the lower side must be the same, not all these cells give arise 
to roots, nor do all the cells of the mid line of the upper side give 
rise to shoots. In Bryophyllum also gravity does not determine buds 
nor root-forming regions, but merely favors the growth of preformed 
buds on the upper side of a stem and the development of roots from 
predetermined root-forming regions on the lower side. In certain 
plants which normally lie flat on the earth, e. g. certain liverworts, 
and in certain branches growing horizontally, gravity may determine 
the normal dorsoventrality. 

It is by no means clear how gravity brings about such localizing 
effects in plants. Loeb (’19, ’20) postulates an action on the dis- 
tribution of sap in the case of Bryophyllum and a distribution or 
segregation of substances of some sort is commonly regarded as under- 
lying such action. It is, however, a question of some interest whether 
the effect of gravity is the direct determination of specific material 
differences representing, for example, shoot and root as Loeb appar- 
ently assumes, or a determination of non-specific dynamic condition. 
Segregation of inert substances in one region, for example, may de- 
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termine a decrease in rate of dynamic change in the region in which 
the substances accumulate, and an increase in the region from which 
they are removed. If the distribution of the sap in the plant is di- 
rectly influenced by gravity as Loeb assumes, the significance of the 
distribution may be dyanmic rather than material and specific. In 
fact there is no conclusive evidence that the effect of gravity on organ- 
ismic pattern is exerted by localization of specific “formative” mate- 
rials. So far as the facts go such distributing or segregating action of 
gravity may equally well be regarded as merely a physical basis for 
non-specific dynamic differences. The fact that light is far more effec- 
tive than gravity in determining polarity and symmetry in plants is also 
significant in relation to the dynamic conception of organismic pattern. 

In the light of these considerations it appears at least doubtful 
whether specific material differences in constitution of different 
protoplasmic regions are in any case primary factors in organic 
pattern. Moreover, if they were, we should expect to find axial 
relations even more diverse than in crystal forms, instead of only 
the three fundamental types of relation, radiate, polar, and bilateral 
as the basis of all spatial and regional organismic pattern. 

Even more convincing than these general considerations are the 
data of reconstitution of new individuals from parts of others. Such 
processes as the development of whole embryos from one of the first 
two or four cells of the dividing egg, of whole animals from small 
fragments of the bodies of hydroids, flatworms, etc., are not readily 
accounted for in terms of specific material pattern. Either Driesch 
is right in turning to vitalism for an interpretation, or else these 
processes must be interpreted in terms of a dynamic pattern, pri- 
marily quantitative, rather than in terms of specific materials. That 
isto say, the pattern originates in the first instance as a dynamic differ- 
ential of degree, rather than of kind, e. g., an excitation-transmission 
gradient resulting from the local or differential action of an external fac- 
tor and the specific material differentiations result secondarily from the 
regional differences in relation of the specific constitution of the proto- 
plasm to the dynamic pattern. To sum up, the evidence points clearly 
to a non-specific, dynamic factor as the most important factor in the 
origin of organismic pattern. Excitation is such a factor and I have 
already pointed out (pp. 50-52) that local or differential excitation 
gives rise, at least temporarily, to an organismic pattern. The ques- 
tion whether such an excitation-transmission pattern may become 
more or less permanent and constitute a physiological axis and a 
basis for differentiation is considered in later chapters. 


CHAPTER VI 


THE SIGNIFICANCE OF ORGANISMIC PATTERN IN THE 
BEHAVIOR OF INDIVIDUALS 


It is of course evident that for any sort of behavior of the organism 
as a whole some kind of integrative pattern must be present. The 
behavior of the organism as a whole must result first from the pattern 
already present and second from the possibilities of further devel- 
opment and integration in response to particular external factors 
which the pattern presents. The excito-motor behavior pattern at 
any given moment may be only one of an indefinite number of such 
patterns possible on the basis of the general pattern of the organism, 
and its particular character may depend on many different factors 
besides the general pattern, e. g., the localization, intensity, duration, 
form of energy, etc., of the external agent and the physiological con- 
dition or state of the organism as determined by the effects of pre- 
ceding or simultaneous reactions. Before attempting to analyze 
organismic pattern in general it seems desirable to call attention to 
its relation to the behavior of the organism as a whole, particularly 
excito-motor behavior. In Chapter IV it was pointed out that the 
fundamental integrative relation of physiological character is a re- 
lation of dominance and subordination and that this relation may 
appear in three spatial patterns, the completely radiate or spherically 
symmetrical, the polar, and the bilateral, and in various combina- 
tions and modifications of these. The present chapter is a very brief 
and fragmentary consideration of the significance of these fundamen- 
tal factors of organismic pattern as a basis of behavior patterns in 
the organism. 


DOMINANCE AND SUBORDINATION IN REACTION 


It scarcely need be repeated that the physiological relation of dom- 
inance and subordination between different parts of the organism 
lies at the very foundation of orderly and definite reaction of the or- 
ganism as a whole to its environment. In its absence such reaction 
would be quite impossible, there would be no reflex ares, no coordi- 
nation, and any reaction of the organism as a whole could be referred 
only to some sort of preéstablished harmony or to some metaphysical 
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integrating principle, such as Driesch’s entelechy. This possibility 
of one molar region of a cell or a cell mass determining what sha!l oc- 
cur in another region at a greater or less distance from it, underlies 
all except perhaps the simplest processes of reaction to environment, 
those in which reaction is apparently limited to the region directly 
affected by the external factor. Even in such cases, however, there 
is probably some transmission or transport from the region primarily 
concerned to others. In fact, as soon as regional differences in ex- 
citation or in chemical constitution arise in protoplasm the relation 
of dominance and subordination appears in some form. It is an essen- 
tial physiological factor in making the organism an orderly and in- 
tegrated whole capable of behaving as a unit with reference to its 
environment. 


SURFACE-INTERIOR PATTERN 


The spatial plan of the organism is obviously a factor in its behav- 
jor as an organism. The spherically symmetrical organism behaves 
in general differently from the axiate-radiate form and this again dif- 
ferently from the axiate-bilateral form and the spiral and asymmetric 
modifications also affect behavior in one way or another. 

In the case of a spherically symmetrical organism, if an external 
factor acts locally on a part of the surface or differentially on dif- 
ferent parts of the surface, the reaction of the organism must either 
be purely local on that part of the surface directly affected or else it 
must give rise to an axiate pattern, which may be either temporary 
or permanent. The purely local reaction, if it ever occurs, is not or- 
ganismic in character and needs no consideration here. With the ap- 
pearance of an axiate pattern, even if only temporarily, the organism, 
if motile, may move toward, or away from the external factor, or if 
not motile it may show a differential in growth rate or other processes 
with respect to the external factor. 

The case of Ameba will serve for illustration. So far as we know, 
Ameba possesses no fixed, permanent axiate pattern, but as a whole 
is essentially a spherically symmetrical organism. Consequently all 
regions of the surface are primarily alike and any region may react 
like any other by giving rise to a pseudopod or by retracting pseudo- 
pods already present. Any region of the surface may become tem- 
porarily an “anterior” end, and when the animal reacts to an external 
factor by change in direction of movement the body does not turn 
about so that the same region is in advance in the new direction, but 
another region becomes the chief region of pseudopod extension, and 
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so functionally anterior (Fig. 12). Hyman (’17) has found that each 
pseudopod of Ameba possesses for the time being the graded quan- 
titative differences characteristic of a simple physiological axis. The 
pseudopod represents then a temporary axiate pattern. In the phys- 
iological condition or species often called Amceba limax in which the 
whole body is advancing in one direction and the anterior region is 
a single blunt pseudopod (Fig. 13), the whole body has acquired, for 
the time being, an axiate pattern. Such a pattern is also present to 
some degree, though less distinct and perhaps not involving the whole 
body, in many individuals advancing in a definite direction with 
pseudopod extension chiefly or only in the general direction of move- 
ment (Fig. 14). But even in such cases the protoplasm may change 
its position with respect to the pattern, so that the anterior end or 
any other level of the axis represents a physiological condition, not 
a definite region or portion of the protoplasm. In those forms which 
advance by means of a rolling movement, a particular region of the 
ectoplasm, as indicated by particles adhering to it, occupies succes- 
sively every level from anterior to posterior and then from posterior 
to anterior (Fig. 15). In all these cases the axiate pattern persists 
for the time being, but the material changes position from moment to 
moment. In Ameba, however, even the axiate patterns are not per- 
manent, but are merely reactions to differentials in certain environ- 
mental factors. They are in fact very evidently behavior patterns 
in the strict sense, excito-motor patterns, in protoplasm as material 
and as the action of the external factors changes they undergo 
change. An axis in a new direction may replace the earlier axis, or 
the axiate pattern may give place to radiate pattern. Apparently 
the only sort of organismic pattern that persists in Ameba is the 
surface-interior pattern, and all the other patterns are temporary 
functional modifications of this primary pattern. They represent, 
in short, the various possibilities of behavior on the basis of a surface- 
interior pattern in certain kinds of protoplasm.! 

The egg or spore of the alga Fucus evidently consists of a very dif- 
ferent kind of protoplasm from that of Ameba, for it gives rise to a 
multicellular plant, and its behavior when subjected to the differen- 
tial action of an external factor, viz., light, is strikingly different from 
that of Ameba. Whether or not this egg possesses physiological po- 
larity at the time of extrusion from the parent plant is uncertain. 
There is no structural or functional indication of such polarity and 
under the usual conditions in nature the axis of the thallus to which 

1See Herrick’s discussion of the behavior of Ameba, Herrick,’ 24, Chap. VI. 
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Fics. 12-15.—Reactions and forms of Ameba. 


Fic. 12A-D.—Negative reaction of Amaba to a mechanical stimulus: (A) and (B) 
reaction in which the change in direction is about ninety degrees; (C) and (D), reaction 
in which the change in direction is greater than ninety degrees (from Jennings, ’04). 

Fic. 13.—Ameba limaz, a physiologically axiate form. 

Fra. 14.—Ameba angulata advancing in general direction of the arrows. The body 
as a whole is temporarily axiate, but axiation is less highly developed than in A. li- 
maz shown in Fig. 13 (from Jennings, ’04). 

Fic. 15.—A rolling Ameba, A. verrucosa. The positions of the black dot indicate the 
movements of a particle attached to the surface (from Jennings, ’04). 
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the egg gives rise has, at least in some species, no relation to any such 
polarity, but is determined by incident light (Farmer and Williams, 
98; Winkler, ’00b; Kuster, 06; Kniep, ’07; Hurd, ’19, ’20). 
The first division of the egg, which gives rise to a larger thallus cell 
and a smaller rhizoid cell, occurs with cell wall perpendicular to the 
direction of incident light and the region toward the light becomes 
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Figs. 16-18.—Early development of the alga, Fucus: Fig. 16, outgrowth of rhizoid 
and first division of egg. Direction of light indicated by arrow; Fig. 17, stage of several 
cells; Fig. 18, many celled young thallus with rhizoid. 


the apical pole, the region away from the light the basal, or rhizoid 
pole of the thallus (Figs. 16-18). In the absence of light devel- 
opment is delayed, but a polarity may appear sooner or Jater. 
Whether such polarity represents a polarity predetermined from 
the parent plant or a polarity determined by some other external 
factor than light is uncertain. Hurd (19) has found that ex- 
ternal factors other than light may determine the polarity of these 
eggs. When groups of eggs lie within 0.2 mm. of each other the 
apical poles of the members are determined on the side away 
from the center of the group, the rhizoid poles on the side 


PATTERN AND BEHAVIOR 61 


toward the center. It is not known what factor is concerned in 
these cases. 

This cell either possesses only a surface-interior pattern when it 
leaves the parent plant, or any polarity it may have is usually replaced 
by a new one. If the cell is exposed to light of a certain minimum 
intensity for a certain minimum time the action of light determines, 
not a transitory differential excitation with directed locomotion, as in 
Ameba, but a new axiate organismic pattern which persists and deter- 
mines growth and form of the plant throughout its life. The appear- 
ance of this new axiate pattern and its consequences are just as truly 
behavior as is the directed locomotion of the Ameba in reaction to 
light. The Fucus egg possesses a certain organismic pattern when it 
leaves the parent plant, but it is subjected to the differential action, 
that is, it undergoes a new experience. To this experience it reacts 
by the development of an axiate pattern which persists and becomes 
an important physiological factor in the further behavior of the indi- 
vidual. Here then the later reactions of the plant are modified by the 
effect of its reaction when first exposed to light after extrusion from 
the parent plant. The change of pattern determined in the cell by 
its primary reaction to light becomes an essential physiological factor 
in determining its later behavior. 

Something of the same sort must occur in every case of modification 
of behavior by a previous reaction. The earlier reaction must have 
determined changes of some sort in the pattern, which persist and so 
become a factor in determining the character of later reactions. Such 
determination of polarity by incident light in Fucus, or in any other 
plant (see for example Stahl, ’85; Noll, ’00; Winkler, ’00 a), 
even though it does not result in locomotion and its effects are to a 
considerable extent morphological, represents the behavior of a 
certain kind of pattern in a certain kind of protoplasm, no less than 
the movement of Ameba away from the light. Both are reactions to 
an external factor and in both the kind of reaction depends primarily 
upon the constitution of the protoplasm and the pattern which it 
already possesses. 


POLAR PATTERN 


In organisms in which an axiate pattern is already present at the 
beginning of embryonic development, however it may have arisen, 
it becomes a factor in the later behavior. In general in sessile forms 
the apical end of the polar axis is the free end and the dominant re- 
gion of the body. This is true both of the growing tip in plants and 
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of the apical region in sessile animals, so far as data are at hand. In 
hydroids the relations of dominance and subordination between the 
different parts of the colony are apparently much the same as in 
plants (Child, 719 b). In both the plants and many sessile animals 
new axes may arise by budding and each axis becomes the basis of an 
axiate behavior pattern which is subject to more or less modification by 
the relation of any particular axis to the other axes of the system. In 
the conifer, for example, the growing tip of the lateral branch reacts 
differently from the tip of the main stem. It grows in a more or less 
horizontal direction and is in most forms more or less bilaterally sym- 


19 20 2 


Fics. 19-21.—Reaction of conifer to removal of growing tip: Fig. 19; apical region of 
fir with young lateral branches forming a whorl about main axis; Fig. 20, main tip has 
been removed and two of young lateral branches have turned upward. One or both 
will replace main stem; Fig. 21, reaction in an older branch. Lower part of branch 
developed before removal of tip retains the bilateral form and the direction of a lateral 
branch, but later growth occurs in vertical direction and this part of branch is radially 
symmetrical and continues growth as the main axis while other branches which do not 
change direction of growth retain bilaterality. 


metrical or dorsoventral, 7. e., secondary branches arise only laterally 
on it. If, however, the growing tip of the main stem is removed the 
action of the uppermost lateral branch or branches undergoes change. 
The direction of growth becomes vertical instead of horizontal and 
the branch becomes radially instead of bilaterally symmetrical (Figs. 
19-21). Experimental data along this line for the hydroids are not 
yet at hand, but many facts indicate that the relations in the hydroid 
colony are essentially similar. As regards the corals, however, some 
facts are known. Wood-Jones (’12, pp. 82-83, 111-116) has shown 
that in the staghorn coral the relations are very similar to those in the 
plant axis. The apical zooid is dominant, radially symmetrical and 
gives rise by budding to the bilaterally symmetrical lateral zooids 
which do not bud at all under ordinary conditions. But if the apical 
zooid is removed or if the branch attains a certain length, one or more 
of the lateral zooids may transform into a dominant apical zooid 
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and become the tip of a new branch, changing its symmetry in the 
process from bilateral to radial and beginning to bud. 

In some forms the polar pattern of the earlier stages may disappear 
and give place to another. In many hydroids, for example, the apical 
end of the free swimming planula (Fig. 22) becomes the attached end 
of the hydroid and the new apical end 
develops as a bud from the original basal 
end (Figs. 23, 24). Discussion of the 
physiological factors concerned is post- 
poned, but it may be noted that in both 
the planula and the later hydroid the 
polar pattern constitutes the basis of the 
behavior pattern, though the reaction 
complex is different in the two stages. 
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Fias. 22-24.—Development of hydroid from planula of Phialidium: Fig. 22, free 
swimming planula, locomotion in direction of arrow; Fig. 23, attachment of planula 
by original apical end; Fig. 24, development of hydranth as a bud from original basal 
end of planula. 


The planula swims with apical end in advance and finally becomes 
attached by this end, while the hydranth which arises from the basal 
end of the planula reacts to external factors by movement, extension 
and contraction of tentacles and body. 
Among animals the axiate radiate pattern appears in two chief 
modifications; the ccelenterate (Figs. 4, p. 38, 24) and the echinoderm 
types (Figs. 5, p. 38, 25-32, pp. 65-67). The apico-basal axis deter- 
mines certain relations to external factors in position and locomotion 
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and the radiate symmetry becomes the basis of other relations. In 
the sea anemone, the hydroid (Fig. 24), or the jellyfish (Fig. 4) any 
region of the circumference, e. g., any tentacle, which is directly ex- 
cited by an external factor, such as contact with food in the case of 
the tentacle, may become for the time being dominant over all other 
regions of the circumference and determine their behavior. Such a 
relation arises when food is caught by one or a few tentacles. The 
excitation of these tentacles brings about a codrdinate reaction of ad- 
joining or even of all tentacles, which assist in holding the food and 
in carrying it to the mouth which also reacts as a subordinate com- 
ponent of the system. At another time another tentacle or tentacle 
group may be the dominant component. In certain unattached sea 
anemones which are able to creep about (e. g., the Cerianthide) there 
are indications of a bilateral differential in the radiate pattern. The 
creeping surface is in a particular radius and the structure shows 
indications of bilaterality with respect to this radius. Certain other 
traces of bilaterality appear in other forms. In the free-swimming 
jellyfish the apico-basal, polar pattern determines locomotion in the 
direction of the axis, but the chief radii are equivalent and, as in the 
sea anemone, any one may become temporarily dominant over all 
other regions of the circumference. In the scyphomeduse Aure- 
lia (Romanes, 793), Casstopea xamachana 
(Mayer, ’06, 08, ’16) a nervous impulse 
may originate in any one of the marginal 
sense organs which is excited, and may 
pass around the umbrella in both direc- 
tions. Moreover, the initiation of im- 
pulses from a sense organ is rhythmic and 
e, Re. that particular organ which is most ex- 
et f ‘e cited at a given time has the most rapid 
“ o rhythm. Therefore it becomes for the 
Fic. 25.—Oral area of a cri. time being the pacemaker for all the 
noid, Antedon, with bases of other marginal organs and so determines 
ae recta eer ee feel the rhythm of contraction of the whole 
arms to mouth (from Hertwig, umbrella. In this physiological equiva- 
pe): lence of different radii the radiate com- 
ponent of ccelenterate pattern is somewhat similar to the Ameba 
pattern, in that different radii may be dominant at different times. 
Among the echinoderms various combinations of radiate and 
bilateral pattern exist and with these are associated interesting differ- 
ences in behavior. In the crinoid (Fig. 25), for example, the disc 
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shows a certain degree of structural bilaterality, but there is complete 
or practically complete physiological equivalence of the different 
arm radii in reaction. In the free crinoids locomotion may occur in 
the direction of any radius. 

As regards the starfishes, both asteroids and ophiurids, most 
authors state that there is no preferential use of the rays related 
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Fics. 26-30.—Diagrams showing different patterns with respect to use of arms in 
locomotion of ophiurid starfish, Ophiura brevispina. The arms most active in locomo- 
tion in each case are indicated by heavier lines and direction of locomotion by arrow 
(from Glaser, ’07). 


definitely to the structural bilaterality, but Cole (’13) has found that 
in Asterias forbesii a certain ray is physiologically anterior. This ray 
corresponds to the anterior ambulacrum of the spatangoids in which 
structural bilaterality is more highly developed (see below). In 
general the preferential function of one arm as anterior appears to my 
absent or not very strongly marked in the starfishes and any one ie 
the arms may precede in locomotion. The variability of behavior o 
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the arms in locomotion determines different results in different 
individuals and in the same individual at different times.! The proc- 
ess of locomotion in the brittle star, as described by Glaser (’07), 
will serve as an illustration. The various ways in which the arms are 
used in locomotion are indicated in Figures 26-30 taken from Glaser’s 
account. Locomotion over a surface is accomplished in these animals 
by strokes of the arms in the direction opposite to that of advance. 
In the figures the arms most actively concerned in these movements 
are distinguished by drawing as heavier lines. Various modifications 
of what Glaser calls Type I appear in Figures 26-28. In Figure 26 
arm 2 is held somewhat stiffly forward, arms 1 and 3 make the active 
strokes and arms 4 and 5 are dragged behind. In Fig. 27 the tip of 
arm 2 bends from side to side and so assists in the movement of the 
body, and in Figure 28 arm 2 makes a stroke as effective as that of 
arms 1 and 3. In this type of locomotion the stroke of arms 1 and 3 
may be synchronous or alternate and those of arm 2 may be always 
toward one side or may alternate from side to side. Figure 29 shows 
Glaser’s Type II in which two arms on each side deliver the stroke 
and one is dragged behind. In this method of locomotion the anterior 
pair may work synchronously and alternately with the posterior pair, 
or synchronous strokes of one member of each pair may alternate 

0 with strokes of the other two members. In 
short any combination of the strokes of the 
four arms appears feasible. In Type III (Fig. 
30) all the arms deliver strokes, three on one 
side, two on the other. This may be regarded 
as a more extreme modifi- 
cation of Type I in the di- 
rection indicated in Figure 








BY S 









ie ETN 28. All these 
Ga i} Ns various meth- 
ae iss ill ANNAN OC \ ods of locomo- 
ee a WS ANS WS tion may vary 

" \ 






US NS 5 in details, such 


AS 
\\\ NY ANS 
“ UNS : prencne ae 


AK 
Fic. 31.—A polar-bilateral echinoid, Brissopsis lyrifera, in loco- strength of 
motion (from Lankester’s Zoédlogy, Part III, ’00, after Lovén). stroke of dif- 


ferent arms or 

pairs or groups of arms. In the asteroid starfish locomotion is ac- 

complished by means of the ambulacral feet, not by strokes of the 
*See Romanes, ’85; Preyer, ’86; Grave, ’00; Glaser, 07; Jennings, ’07. 
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arms, but the versatility in the use of the arms is very similar to that 
in the ophiurid (Romanes, ’85; Jennings, ’07). 

The echinoids (sea urchins, sand-dollars, etc.) show various degrees 
of development of bilateral pattern. Inthe common sea urchins fixed 
bilaterality is limited to the structural features common to all echin- 
oderms: in these forms the radii are equivalent so far as determined 
physiologically and bilaterality in behavior is temporary and shifting. 
The other groups of echinoids, the sand-dollars (Clypeastroidea) and 
the heart urchins (Spatangoidea) both represent secondary polar and 
bilateral modifications superimposed on the radiate pattern and 
involving in the latter group general body form, position of mouth and 
arms, development and function of different radii and direction of 
locomotion (Fig. 31). 

In the holothurian the axiate-bilateral pattern is developed in a 
different way. The original apico-basal axis becomes the longitudinal 
axis of the animal with one end anterior, the other posterior and the 
five radii gf the radial pattern are represented by the five longitudinal 
zones of the body wall, but more or less dorso-ventrality appears 
among these radii, one radius being 
median ventral and an interradius 
median dorsal (Fig. 32). In some 
forms the ventral surface including 
three of the rows of ambulacral feet 
(the trivium) is distinctly flattened 
and the dorsal surface (bivium) is 
without true ambulacral feet. Motion 
in the holothuriaas is chiefly in the di- 
rection of the longitudinal axis, but 
the definiteness and degree of fixity 
of the dorsoventral differential differs 
in different forms corresponding in 
general to the structural differential. 

This brief survey is sufficient to 
show that the echinoderms present 
extremely interesting combinations a ae 
and modifications of radiate and bi- aoe Sa a veneer et os 
lateral patterns. While we know in another bilateral modification of pat- 
general something of the relations aes aan roe, Keloae, 
between these various modifications 
of pattern and the motor behavior, further comparative study 
along these lines would be of interest. 
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The versatility of the starfish to which Jennings (’07) calls par- 
ticular attention must result from the physiological equivalence of 
the rays ' and the fact that any one of two or three of them may be- 
become dominant. With different physiological states of the differ- 
ent rays the reaction of the animal as a whole to the same external 
factor will differ, as regards the relations and functions of the differ- 
ent rays. This versatility is very evident in Glaser’s figures of the 
motor reactions of the brittle star (Figs. 26-30). All the radiate 
animals show more or less of this sort of versatility and the Ameba 
is perhaps the most versatile of all. With the increasing development 
of bilaterality in the echinoderms this versatility as regards the 
functional relations and combinations of different rays must more 
or less completely disappear and the processes of motor reaction be- 
come more definite and stereotyped in character. 


BILATERALITY 


Bilaterality involves physiological differentials in all three di- 
mensions, 7. e., between median and lateral in opposite directions and 
between dorsal and ventral in one direction in addition to the longi- 
tudinal or polar differential (see pp. 36-40). These differentials 
are of course factors in increasing the definiteness of behavior pat- 
terns. In bilateral animals the only possiblity of physiological equiv- 
alence of motor organs is that of right and left, or in animals with 
reduplication of segments and appendages, that between the organs 
of neighboring segments. With respect to the use of such organs 
in reaction we often observe a versatility which, so far as it goes, is 
similar to that of radiate and surface-interior patterns. For example, 
in various animals organs of right and left sides may move alter- 
nately or synchronously according to conditions and in many arthro- 
pods movements of the appendages of successive segments may be 
combined in various ways in locomotion. But even the equivalence 
of right and left is by no means alway present. Many animals, bilat- 
eral in certain respects, show in other respects definite asymmetries. 
These may appear in behavior in the preferential use of organs of 
one side, as in righthandedness or lefthandedness, or general mor- 
phological asymmetry may be associated with special methods of 
locomotion. 

In a bilateral pattern there is not only differentiation along the 
anterior and posterior axis, but differentiation of another sort in 


1 According to Cole (’13) the rays are not completely equivalent in Asterias 
forbesit. 
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two opposite directions between median and lateral, and still a third 
sort of differentiation dorsoventrally. Besides all this, differentia- 
tion between surface and interior occurs as in simpler organisms. 
Evidently the bilateral pattern makes possible more definite and 
more complex differentiation than the other patterns. In such a 
pattern each particular behavior mechanism is more definite and 
more fixed in structure and in relation than in the simpler patterns 
and must therefore possess a more definite and stereotyped func- 
tion. This being the case it appears at first glance that the be- 
havior of bilateral organisms must be less versatile and more rigid 
and stereotyped than that of other patterns. As regards the partic- 
ular mechanism this is true, but as regards the behavior of the or- 
ganism as a whole it is far from being true. The versatility of the 
Ameba results from the absence of fixed specialization of different 
regions. Similarly the versatility of the starfish with respect to the 
different rays depends on the fact that the rays are physiologically 
equivalent, although each may represent a complex system of more 
or less definite and specialized mechanisms. The behavior of each 
part of the surface of Ameba or each ray of the starfish varies from 
moment to moment according to external factors and physiological 
states. 

The bilateral pattern, however, affords greater possibilities of 
specialization and differentiation of parts than the other patterns 
and in the higher animals the complexity of structure and function 
is very great. The more definitely structure and function become 
fixed the more does versatility in behavior consist in the combinations 
and relations of the different mechanisms, each of which is in 
itself highly specialized and relatively stable in character. This 
sort of versatility is particularly characteristic of the higher an- 
imals and man. The relation between a particular muscle of the 
arm or hand and the skeletal parts with which it is connected is 
definite and fixed. The versatility in function of the arm and hand 
results from the many possibilities of combination and relation 
of the different musculo-skeletal mechanisms. Moreover, ver- 
satility also appears in the processes of realization of these 
various possibilities. The specialization of different sense or- 
gans makes possible the combination of various sensory impres- 
sions and different combinations and relations may determine differ- 
ent use of the behavior mechanisms. But the most important 
factor in the versatility and modifiability of behavior in the higher 
animals and man is the central nervous system. In certain parts of 
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the nervous system the path of an impulse is not fixedly predeter- 
mined but is determined by the combination of conditions, physio- 
logical states, excitations, etc., in the nervous system or in the parts 
concerned at the moment (Herrick, ’24, Chap. XIX). There is 
then in these regions of the nervous system a certain physiological 
equivalence of path which is similar in a general way to the physio- 
logical equivalence of the starfish arms, the medusa sense organs, or 
the different parts of the Ameba surface. The physiological equiv- 
alence of path in the nervous system results, not from simplicity 
and absence of specialization, but from the complexity of structural 
mechanism and physiological relation. 

In the higher invertebrates, notably the insects, this physiolog- 
ical equivalence of path in the nervous system is apparently but 
little developed as compared with the higher vertebrates and the 
behavior patterns of the insects are relatively fixed and stereotyped, 
and largely “instinctive” in character. For the present, these differ- 
ences are merely noted without discussion of possible reasons for 
them. There can be no doubt that they both represent in some way 
the working out of bilateral pattern in different protoplasms. 


ALTERATION OF ORGANISMIC PATTERN BY EXCITO-MOTOR BEHAVIOR 


There can of course be no doubt that in general terms organismic 
pattern constitutes the basis on which the excito-motor behavior 
patterns of an organism are built up, in others words, organismic 
pattern is the general framework within which such behavior occurs. 
But behavior represents the results of action of external factors upon 
an organism and these may not only change from moment to moment, 
but some of their effects may persist for a time or permanently and 
modify further behavior. Because of this relation between behavior 
and external factors we find certain behavior patterns integrated 
on an organismic scale, but transcending the permanent organismic 
pattern of the individual in which they occur. In the ophiurid star- 
fish, for example, the general pattern is radiate so far as the physio- 
logical equivalence of the rays is concerned, yet behavior patterns 
which are just as truly bilateral as the usual motor patterns of an 
insect appear in the correlated function of the arms (Figs. 26, 29). 
To my mind this bilateral behavior pattern is just as truly on or- 
ganismic pattern as that of any bilateral animal. It differs from 
such pattern merely in that it is temporary and functional, and does 
not possess a permanent morphological basis. In such eases as this 
we can only conclude that the temporary bilateral pattern has been 
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superimposed on the permanent radial pattern by the action of 
external factors. Because of their relation to present or preceding 
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Fia. 33.—Spiral path of 
Paramecium (from Jen- 
nings, ’06 © Columbia 
University Press). 





external factors two pairs of 
arms are in such physio- 
logical state that they react 
similarly. Again certain 
Amebe may temporarily as- 
sume the limax form, 7. e., 
an axiate pattern. In the 
case of the plant Fucus the 
reaction to light differential 
determines a new axiate or- 
ganismic pattern which is 
permanent for the individual 
plant (pp. 58-61). In 
bilateral animals, on the 
other hand, we often see 
asymmetric behavior pat- 
terns in the different use of 
bilateral organs. A_ bird 
may stand on one leg and 
draw the other up beneath 
it, use it to scratch its 
head, etc. Many such asym- 
metric behavior patterns 
may bring about permanent 
modifications of the organ- 
ismic pattern of the indi- 
vidual. Learning to write 
with one hand involves the 
establishment of permanent 
differences in pattern be- 
tween the two sides of the 
body, chiefly or wholly in 
the nervous system. On the 
other hand, the muscular 
and skeletal asymmetry of 
the blacksmith involve the 


gross morphological features. In still other forms 
we find an excito-motor behavior pattern com- 
pensating asymmetry or other structure as in the spiral course of 


a 








Fia. 34S piral 
path of rotifer, Diu- 
rella tigris, showing 
that animal continu- 
ally swerves toward 
dorso-dextral side 
(from Jennings, ’03). 
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Paramecium (Fig. 33) and of certain rotifers (Fig. 34) with revo- 
ution of the body about a longitudinal axis (Jennings, ’06 and ear- 
lier papers). 

While it is perfectly true that the existing organismic pattern con- 
stitutes the general physiological basis for the behavior of the indi- 
vidual, it is also true that such behavior modifies the original 
pattern, determines new patterns within it or superimposes new pat- 
terns upon it. These changes may be either temporary or may per- 
sist. So far at least as the individual is concerned, behavior is the 
originator of new organismic patterns, new integrations, which are 
only potentially given in the original pattern. In other words, it is 
behavior, z. e., the individual experience, which determines the real- 
ization in the individual of the potentialities of the protoplasmic 
constitution and the organismic pattern already present. In the 
light of these facts the statement in an earlier chapter that the or- 
ganism represents a behavior pattern in protoplasm acquires a still 
more definite significance. At any rate it is clear from what has been 
said in the present chapter that any consideration of the origin of 
organismic behavior must deal sooner or later with the questions 
of the nature and orgin of organismic pattern itself. 


CHAPTER VII 


THE PHYSIOLOGICAL GRADIENTS 


Physiological polarity and symmetry, either radial or bilateral, 
are commonly thought of as conditions of some sort underlying 
and determining the localization and arrangement of parts and organs 
of the individual, 7. e., its spatial, morphological pattern. Actually, 
however, polarity and symmetry have to do not only with morpho- 
logical pattern but with physiological relations of parts. The re- 
lation of dominance and subordination to which attention has al- 
ready been called (pp. 34-36) is very intimately associated with 
physiological polarity and symmetry. Again, differences in rate of 
cell-divison, growth and differentiation are associated with polarity 
and symmetry, and the relations between the behavior patterns 
of the individual and polarity and symmetry have been indicated 
in Chapter VI. 

Polarity and symmetry are really only terms to designate the 
directions, the axes or radii, in which a spatial morphological and 
physiological order is perceptible. As already noted, the simplest 
conceivable organisms are spherically symmetrical forms with surface- 
interior pattern. In these the order appears along the radii of a 
sphere. Whether such organisms actually exist, we do not certainly 
know, though some of the microdrganisms appear to be of this sort 
and the simple cell or protoplast is probably little or nothing more 
than a surface-interior organism. 

Most organisms, however, are axiate, the axes constituting a sort 
of physiological codrdinate system to which the order is referable, 
and the questions of the nature and origin of physiological axes are 
obviously of fundamental importance for any physiological inter- 
pretation of organismic pattern. When we examine a physiological 
axis, or more strictly speaking an axial direction in an organism we 
find that it is indicated in many of the simpler organisms throughout 
life and in the earlier developmental stages of the more complex 
forms by gradations of various sorts, rather than by clear-cut quali- 
tative differences. We find, for example, axial gradations in proto- 
plasmic structure, in rate of growth and differentiation, in rate of, 
or capacity for, regeneration, and in various other physiological char- 
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acteristics. Some of these gradations in condition, for example, the 
apico-basal gradation in yolk in many animal eggs, the apico-basal 
or antero-posterior gradation in rate of cell division, growth and 
differentiation in many embryos, have long been familiar to biolo- 
gists. In various publications Morgan (e. g., 05) has advanced the 
hypothesis of a gradation of materials as a factor in physiological 
polarity. The results of experimental alteration of cleavage of the 
Ascaris egg led Boveri (’10) to the conclusion that polarity must be 
a gradation of some sort. 

During recent years investigation along various lines has accumu- 
lated a large body of evidence in support of the conclusion that phys- 
iological axes are primarily quantitative dynamic gradients in 
living protoplasms, that they represent primarily differences in phys- 
iological state, rather than in molecular structure. Such gradients 
involve differences in rate of the fundamental metabolic reactions as 
well as differences in physical state of the protoplasmic substratum. 
They have been called for convenience, axial, metabolic, or phys- 
iological gradients. So far as the facts go, they are the primary 
indications of the existence of axiate pattern and there is at present 
no evidence to indicate that axiate pattern can arise in any other 
way than as a gradient in physiological state. It is not necessary 
to assume that these gradients consist primarily in metabolic differ- 
ences alone. Protoplasm is a system in which the chemical reactions 
of metabolism are so intimately associated with other factors, e. g., 
colloid dispersion, active mass of enzymes, permeability of limiting 
surfaces, electrolyte content and dissociation, water content, etc., 
that to distinguish one particular factor rather than another as pri- 
mary is at present impossible. 


THE EVIDENCE FOR THE EXISTENCE OF PHYSIOLOGICAL GRADIENTS 


The evidence demonstrating or indicating the existence of phys- 
iological axial gradients in organisms is varied and extensive and 
has been more or less fully presented in earlier publications. The evi- 
dence at hand eight years ago was briefly discussed in “Individuality 
in Organisms,” 1915, but since that time further investigation, the 
results of which have been published in part, has added much to the 
evidence. More recent reviews of this evidence (Child, ’20 e, ’21 a, 
Chap. IT) have presented the data at hand up to the beginning of 
1920 with a practically complete bibliography of the subject. These 
earlier publications make it possible to limit the present section to 
a brief review of the evidence. 
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Structure and development.— In the first place the axial gradients, 
particularly the apico-basal or antero-posterior gradient, are often 
visible in the protoplasmic structure, density, vacuolation, or accu- 
mulation of yolk. Such structural gradations are very character- 
istic of eggs and early embryos, but in axiate plants they occur in 
relation to the growing tips of both stem and root at all stages of 
growth.! 

A gradation in rate of cell division, growth, morphogenesis and 
differentiation is also a characteristic feature of physiological axes 
in both animals and plants. In axiate animals the rate of these 
processes is primarily highest at the apical or anterior end and de- 
creases basipetally or in the posterior direction. In bilateral in- 
vertebrates it also decreases from the median ventral region laterally 
and dorsally, in bilateral vertebrates from the median dorsal region 
laterally and ventrally.2. In axiate plants the growing tip continues 
its growth and division as long as it remains active as a growing tip. 
In relation to the growing tips of plant axes, gradations in cell size, 
rate of cell division, rate of growth of single cells and differentiation 
appear.® 

Differences in rate of reconstitution at different levels of an axis 
are also of very general occurrence, the rate of reconstitution of apical 
or anterior parts decreasing basipetally or posteriorly. In pieces of 
Tubularia stem, for example, the time from section to emergence 
of the new hydranth at the distal cut end of the piece increases 
basipetally (Driesch, ’99; Morgan, ’01 b, ’05, ’06, ’08; Child, ’07 ¢; 
Hyman, ’20 b). At the proximal end of the piece, however, condi- 
tions are different because the proximal end is subordinate to the 
distal end if not too far distant from it and the development of the 
proximal hydranth may be delayed or inhibited in short pieces, 
while in long pieces it may occur much more rapidly. Lund (’23) 4 


1 For figures of structural gradients in plants see Child,’15 c, Figs. 18, 19, 21, 22, 
38, 39. 
2 For figures of developmental gradients in animals see Child, ’15 c, Figs. 10-17. 
3 For figures of developmental gradients in plants see Child, ’15c, Figs. 18-22, 
5-41. 
; 4In this paper Lund maintains that in Obelia there is no difference in rate of 
regeneration at different levels of the stem, but rather a difference in length of 
time between section and the initiation of regeneration. He regards regenera- 
tion as beginning only when the visible development of the hydranth begins and 
takes no account of the extensive cell activity which has long been known to be- 
gin soon after section in most cases. Earlier authors have preferred to regard 
this activity as part of the regenerative process since it is a normal and constant 
feature of formation of a new hydranth from a piece of stem. But whether we 
accept Lund’s definition of regeneration or that of other authors, the data which 
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has found an axial difference in reconstitution period in Obelia simi- 
lar to that in Tubularia. In my experiments on Planaria doroto- 
cephala I have found similar, though slight differences in rate of de- 
velopment of the head at different levels, and Sivickis (’23, p. 145) 
has noted a similar difference in P. lata. The relation between the 
character of reconstitution and body level has been extensively 
studied in Planaria and it is a well-established fact that the fre- 
quency of normal heads decreases from anterior levels posteriorly in 
each zooid (Behre, 718; Child, ’11 a, b, ’16 b, ’20 a; Sivickis, ’23). 
Susceptibility. — Differences in susceptibility to a very large 
number of external agents, probably to such agents in general, are 
characteristic features of the different levels of the physiological 
gradients. In general the physiological gradients have been demon- 
strated as susceptibility gradients in various ways and by many 
different agents, physical and chemical. The investigation of sus- 
ceptibility in its relation to the physiological gradients has brought 
to light certain general relations between susceptibility and physio- 
logical condition, or more specifically between susceptibility and rate 
of fundamental metabolic reaction.” These relations are briefly as 


he presents constitute very definite evidence for the existence of a physiological 
gradient in the stem of Obelia. It is to be expected that the more active cells 
of more apical stem levels will make the physiological changes (dedifferentia- 
tion, activation, or whatever we may call them) which precede the develop- 
ment of the hydranth more rapidly than the less active cells of lower levels. After 
they have attained the condition in which, hydranth development becomes pos- 
sible, they are probably much alike and morphogenesis may go on at the same 
rate at all levels, though Lund’s curves indicate a difference in rate. 

‘Papers concerned with the demonstration of the susceptibility gradients 
as gradients in survival time under the action of various agents are as follows: 
Child, ’13 b, 14a, b, ’15a, ’16 a, b, c, 19 b, e, ’23 a, ’23 d; Child and Hyman AIG) 
Galigher, ’21; Hyman, ’16, ’17, ’20b,’21; Hyman and Galigher, ’21; MacArthur, 
’21. Further data on various plants, protozoa, ctenophores, hydrozoa, flatworms, 
echinoderms, annelids, fishes and amphibia, and the chick embryo are not yet 
published. In the other literature of the action of external agents on protoplasm 
numerous data indicating differential susceptibility along physiological axes 
appear, and it is of interest to note that various authors have observed axial 
differences in susceptibility to X-rays and radium in various organisms, both 
plant and animal. Recently Dr. M. A. Hinrichs has demonstrated the physio- 
logical gradients in Stentor, Hydra and Planaria as gradients in susceptibility 
to ultraviolet radiation and to sunlight after photochemical sensitization by eosin 
(Hinrichs, ’23 b) and I have obtained further data along the same line on various 
forms, both plant and animal (unpublished). In all forms thus far examined 
the results obtained by photolysis are similar to those obtained with other agents. 

* Behre, 718; Child,’13 a, b,’14 ¢, ’15 b, Chaps. III—VII, ’19 a, c,d, ’23.a; Gal- 
igher, ’21; Hyman, ’16b, ’19a, b, ¢, d, e, ’20a, ’20c; Hyman and Galigher, ’21; 
Sivickis, ’23. Recent criticisms by Lund (’18a, b,’21a) and G. D. Allen (19a, b, 
’20), bearing chiefly on the relation between susceptibility and metabolism have 
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follows: To a certain range of concentrations or intensities of agents 
which are experimentally determined to be above the limit of toler- 
ance of the organism concerned and therefore strongly toxic or lethal 
in their action the susceptibility varies directly with, though not 
necessarily proportionally to, the general protoplasmic activity or 
rate of metabolism. To a certain lower range of concentrations or 
intensities, also experimentally determined for each species, the rate 
and degree of acclimation or acquirement of tolerance varies directly 
with, though not necessarily proportionally to, the general proto- 
plasmic activity and the rate and degree of recovery after temporary 
exposure to a certain range of concentration or intensity varies in 
the same way. General protoplasmic activity is a vague term, but 
is used in order to avoid the implication that any particular com- 
ponent factor in protoplasmic condition is necessarily regarded as 
primary. Protoplasm is a system in which the dynamic changes are 
so closely correlated and integrated that we cannot point to any one 
as primary, moreover, it is possible that the initiatory change in a 
complex physiological process such as excitation is not always nec- 
essarily the same. 

The data on susceptibility constitute some of the strongest evidence 
for the existence of such integration in the protoplasmic system. In 
the simpler organisms and the earlier stages of development of higher 
forms the susceptibility relations are in general similar for a great 
number of agents of different chemical constitution, e. g., cyanides 
anesthetics, acids, alkalies, various neutral salts, vital dyes, etc., and 
for physical conditions such as extremes of temperature.’ This can- 
not possibly mean that all these agents and conditions act on living 
protoplasm in the same way or alter primarily the same factor in the 
system. Certainly the effects of the different agents and conditions 
are exerted primarily or chiefly upon different factors of the proto- 
plasmic system, and the results show clearly enough that when any 
essential factor is sufficiently altered, the system as a whole is altered. 
In the less highly specialized protoplasms, therefore, we find little 
or no indication of regional differences in susceptibility specific for 


been in part disposed of by Hyman’s later work and other data soon to be pub- 
lished will dispose of others. As is evident to those familiar with the gradient 
conception, these criticisms appear to be due largely to misapprehension and in 
a number of cases are directed against views quite different from those advanced 
by us; consequently they require no consideration here. ce 

1 Recent work, in large part not yet published, has added to this list as follows: 
formaldehyde, various alkaloids, lack of oxygen, ultraviolet radiation and sun- 
light after photochemical sensitization. 
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particular agents. Among the lower invertebrates the differences in 
susceptibility to acids and alkalies seem to be more nearly specific 
than any other differences yet discovered in these forms (Child, ’20 
c, p. 158, J. W. MacArthur, ’20), but these differences appear during 
the course of development and are not present in the earlier stages. 
And in the higher animals, even the vertebrates, the apparently 
specific relations between particular tissues or organs and particular 
agents are largely or wholly absent in the early stages. In general, 
the susceptibility gradients of the simpler organisms and the earlier 
stages of development are non-specific in relation to particular agents 
and conditions. This being the case, we may expect to find a relation 
between susceptibility and rate rather than kind of dynamic change 
in protoplasm. The chemical reactions of metabolism are essential 
factors in the activities which we call life, and among these the ox- 
idations are regarded as of fundamental importance. With certain 
qualifications and limitations it appears to be true that the rate of 
oxidation is in some degree a measure of the rate of living. It has 
also been shown that in the less highly specialized protoplasms sus- 
ceptibility to certain ranges of concentration or intensity of external 
agents is an indicator of rate of oxidation and may be used as a rough 
comparative measure of differences in rate. There is therefore a 
real experimental basis for the statement, that susceptibility is in 
general a measure of rate of metabolism or more particularly oxida- 
tion. In highly specialized organs and tissues specific susceptibilities 
to particular agents may appear and these may in some cases be re- 
lated to qualitative factors of constitution rather than to rate of 
oxidation. Nevertheless the fact remains that in the less highly 
specialized protoplasms susceptibility is, within certain limits of 
concentration or intensity of agent and with proper technical pro- 
cedure, a rough measure of physiological condition and more particu- 
larly of rate of oxidation. The existence of this general non-specific 
relation between susceptibility to the action of external agents and 
metabolic condition in protoplasm seems to me to be merely a special 
case under general physico-chemical laws which may be stated in 
more general terms as follows: The greater the velocity of changes 
concerned in the maintenance of, or approach to, dynamic equilibrium 
in a system, the more rapid and extreme the effect of sufficiently 
powerful external agencies in altering or destroying that equilibrium, 
and the more rapid the equilibration to, or recovery from, slight or 
temporary disturbances. In other words, the more active the system, 
the more sensitive it is to gross disturbances and the more rapidly 
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Fias. 35-41.—Suscep- 
tibility gradients as indi- 
cated by the course of 
disintegration in various 
animals: Figs. 35, 36, 
early and later stage of 
disintegration in the in- 
fusorian Spirostomum in 
KCN m/200 (similar in 40 
numerous other agents). 

Apical end uppermost, body contracted; Fig. 37, disintegration of unfertilized egg of sea 
urchin, Arbacia in neutral red. Intact regions are stained deep red and decoloration 
accompanies disintegration; Figs. 38, 39, early and later stage of disintegration of 
blastula of medusa, Phialidium in KCN, m/100; Figs. 40, 41, early and later stage of 
disintegration of blastula of sea urchin, Arbacia, as observed in many different agents. 
The difference in rate of basipetal progress of disintegration in different meridians 
shown in Fig. 41, probably indicates an early stage of the differences between anterior 


and posterior in later larval stages. In each figure the arrows indicate the direction 
in which disintegration is progressing. 
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it equilibrates to slight disturbances. I believe the relation between 
susceptibility and metabolism in its simplest form is nothing more 
than this. 

Differences in susceptibility along an axis may be made evident 
in various ways. In highly toxic concentrations or intensities a 
definite gradient in the course of death and disintegration may 
appear and this may be preceded in motile forms by a gradient in 
loss of motility. 

In Figs. 35-44 the course of death and disintegration along the 
chief axes of various organisms is indicated. In each case the same 
death and disintegration gradients have been observed with various 
agents. The portions figured as intact are still alive at the stages 
indicated: in ciliated forms, such as Spirostomum (Figs. 35, 36) and the 
hydroid and sea urchin blastule (Figs. 38-41) the cilia of the intact 
portions may continue movement until disintegration begins and 
in forms with muscular differentiation (Figs. 42-44) movement may 
occur almost up to the moment when disintegration begins. If the 
organisms are returned to the normal medium before the toxic action 
has proceeded too far, all, or nearly all of the intact portion of the 
body will recover. Numerous other figures of both plants and ani- 
mals might be added. 

When early developmental stages are exposed to toxic but non- 
lethal concentrations or intensities differential susceptibilities along 
an axis may appear in a differential modification of development. 
In inhibiting agents the most susceptible regions are most inhibited, 
but in a certain range of low concentrations or intensities they show 
the most rapid and most complete acclimation or development of 

1 Huxley (’22) has advanced the view that the susceptibility of cells may also 
vary with amount of surface exposed to the agent. This is undoubtedly true, 
but it may be noted that differences in exposure of cell surface in a particular 
body layer, or in the body surface, sufficient to affect susceptibility to any marked 
degree, usually arise secondarily in the course of differentiation. I have pointed 
out repeatedly that with the progress of differentiation various factors appear 
which alter the general relation between susceptibility and metabolic rate. Un- 
questionably difference in exposure of cell surface is one of these factors. 

In Huxley’s work the index of susceptibility appears to be change in behavior 
of the living cell as a whole, usually change in form. It cannot be assumed, how- 
ever, without further evidence, that because a flattened cell shows marked change 
in form and a cuboidal or rounded cell little or none in a certain concentration 
of agent, the toxic action of the agent is greater upon the flattened cell. It is 
possible that change of form may occur in the flattened cell with very slight toxic 
action, while a greater degree of toxic action is necessary to produce visible change 
in the cuboidal or rounded cell. In other words, the change in form of the flattened 


cell does not necessarily mean a higher susceptibility in the sense in which I have 
used the word. 


THE PHYSIOLOGICAL GRADIENTS 81 













Th Sas is BE Os AA OE 


LER! 


Sn 





Pane ee Ne Oe ee 


¥ 


se ae 





Pe 
awk 
. 

‘ 


8 


% 4 
po 
Pa 
= 
= 


& 





42 
Fics. 42-44.—Susceptibility gradients in flatworm and annelids: Fig. 42, a stage of 
disintegration of the thabdocoel, Stenostomum in KCN, m/1000 (and many other 
agents). The figure represents a chain of zooids. The head of the anterior zooid, as 
most active region is most susceptible, that of latest formed, shortest zooid least sus- 


ceptible. Ventral regions are more susceptible than dorsal; Fig. 43, a disintegration 
stage of obligochete, Dero limosa, showing primary antero-posterior, and secondary 
postero-anterior gradient, the latter resulting from development of new segments 
anterior to anal segment; Fig. 44, disintegration stage of Limnodrilus claparedianus, 
showing the double gradient (Figs. 43, 44 from Hyman, 16 a). 

tolerance and after certain ranges of temporary exposure they re- 
cover most rapidly and most completely. In exciting or accelerating 
agents a differential acceleration of development may also occur at 
different levels of a gradient. All of these differentials appear as 


differential effects on rate of development, and in this way on size 
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and proportion of different parts. Four sorts of modification in two 
opposite directions occur as the result of differential susceptibility 
(Child, 716 d, 17d). In differential inhibition the most susceptible 
regions are most inhibited and therefore least developed. In differen- 





Fias. 45-47.—Differential inhibition in early development of hydrozoan, Phialidium: 
Fig. 45, normal early stage of elongation of blastula and immigration of cells from basal 
region to form entoderm; Fig. 46, normal elongated planula; Fig. 47, differential inhibi- 
tion by KCN, acids, etc. Planula spherical without visible polarity. Excessive forma- 
tion of entoderm has prevented development of enteric cavity. Arrows in Figs. 45 and 
46 indicate direction of locomotion. The sperical planula of Fig. 47 is incapable of 
definitely directed locomotion: (ec), ectoderm; (en), entoderm. 


tial acclimation they are at first most inhibited, but later show more 
acclimation and so are finally less inhibited than the less susceptible 
regions. In differential recovery the modifications are essentially like 
those of differential acclimation but they occur after return to the 
normal medium. In differential acceleration the most susceptible re- 
gions are most accelerated and therefore relatively larger than normal. 
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Developmental modification through differential susceptibility is 
illustrated here by a few examples. Further data are presented in 
the following chapter in another connection. Cases of differential 
inhibition are shown in Figs. 45-52. In normal hydroid develop- 
ment immigration of cells to form entoderm (Fig. 45) and elongation 
of the blastula into the planula occurs (Fig. 46). In differential in- 
hibition the original polarity may completely disappear, 7. e., the 


i 









Figs. 48-52.—Differential inhibition in larval development of sea urchin, Arbacia: 
Fig. 48, normal pluteus larva, basal view; Fig. 49, normal pluteus, side view; Fig. 50, 
differential inhibition by action of KCN throughout development, side view. Apical 
and anterior regions more inhibited than basal and posterior; Fig. 51, differential 
inhibition by temporary exposure to KCN, basal view. Anterior and median more 
inhibited than posterior and lateral; Fig. 52, greater degree of differential inhibition by 
temporary exposure to KCN, basal view. Median region so completely inhibited that 
a single median arm and skeletal rod develop instead of paired lateral structures. 


apical region is most inhibited, the basal least and with a certain 
degree of inhibition the axial gradient is reduced to a level. In such 
cases the larva remains spherical, loses its definitely directed move- 
ment (Fig. 47) and does not develop further unless a new gradient 
arises in it (Chap. IX). 

Figures 48-52 show differential inhibition in sea-urchin develop- 
ment. Figures 48 and 49 show normal pluteus larve in lateral and 
basal aspects. Figure 50 is a differentially inhibited larva in side 
view, and it is evident that the apical region, the oral lobe, is more 
inhibited than the basal region. Figure 51 is a basal view showing 


if 
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that anterior and median regions are more inhibited than posterior 
and lateral, and Fig. 52 is a more extreme inhibition in which the 
median region is completely inhibited so that the lateral arms arise 
as a single structure in the median line. 

In differential acclimation, recovery and acceleration the modifica- 
tion of form is opposite in direction to that occurring in differential 





55B 56B 


55 A 


13 I@s. 53-56.—Differential acclimation in Arbacia: Figs. 53, 54, basal and lateral 
views of a slight degree of differential acclimation; Fig. 55 (A), basal, (B), lateral view 
of more extreme degree of differential acclimation; Fig. 56 (A), basal, (B), lateral view 
of still more extreme modification. In all these cases apical, anterior and median re- 
gions are disproportionately large, as compared with basal, posterior and lateral. 


inhibition. Figures 53-56 showing different degrees of differential 
acclimation in the sea urchin will serve as examples. Comparison 
of these figures with the figures of normal plutei (Figs. 48, 49) shows 
that in the stages figured of these differential acclimations basal re- 
gions are more inhibited than apical, lateral more than median, and 
posterior more than anterior. In the earlier stages of development the 
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Fic. 57.—Differential acceleration in a fish, Macropodus viridi-auratus: (A), control 
developing under standard normal conditions; (B), exposed to atropin sulphate 134 
hours during early cleavage. Rate of development and of heart beat more rapid than 
in control (by permission of J. N. Gowanloch from unpublished work). 


reverse was the case, but apical, anterior and median regions have 
undergone acclimation more rapidly and to a greater degree than 
basal posterior and lateral regions, that is, differential acclimation is 
preceded by more or less differential inhibition. The changes in 
differential recovery and differential acceleration are similar in direc- 
tion to these, and differential recovery, like differential acclimation, 
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is preceded by differential inhibition. In differential accleration, 
however, there is no inhibition or retardation, but development is 
accelerated, from the beginning. Bellamy (’19) has been able to 
produce differential acceleration in amphibian development and 
Mr. J. N. Gowanloch has accomplished the same result with fishes. 
Figure 57 shows a case of differential acceleration (B) and normal 
control (A) obtained by Mr. Gowanloch with a low concentration 
of atropin.! 

These experimental modifications of development through differ- 
ential susceptibility afford a physiological basis for interpretation of 
a wide range of teratological forms in nature. In fact, differential 
susceptibility appears to be a fundamental teratogenic factor in all 
cases where the modification results from exposure of the embryo as 
a whole to the external condition concerned and not from direct me- 
chanical or other injury to some part. 

It is perfectly evident that the types of developmental modifica- 
tion are non-specific and essentially quantitative both in their rela- 
tions to the axes and to the different protoplasms and external agents. 
Similar external agents and conditions produce the same sorts of 
modification in flatworms (Child, ’16 b, ’20 a, ’21 ¢, Buchanan, ’22), 
echinoderms (Child, ’16 d), annelids (Child, 717 d), fishes (Stockard, 
’07, ’21), and amphibia (Bellamy, ’19, ’22). Similarly in teratologi- 
cal forms of fishes produced by Werber (’16, ’17) the indications of 
differential susceptibility are evident. And finally Newman (’17 a, 
’18) has shown that monsters resulting from hybridization in fishes 
may be interpreted in terms of the same differential susceptibility, 
v1. €., as might be expected from what we know of differential suscep- 
tibility elsewhere, a differential susceptibility of one protoplasm to 
the other or of each to the other exists. 

The most important point for present purposes is that all the data 
on differential susceptibility indicate very clearly that each physio- 
logical axis or direction of order exists primarily as a quantitative 
gradient in physiological condition in which differences in rate of 
oxidation and associated differences in protoplasmic condition are 
fundamental factors. As will appear later, these differences in phys- 
iological condition along the axes are of fundamental importance for 
the behavior of the organism as a whole. 

Penetration. — Axial gradients in “permeability” or rate of pene- 
tration of various substances have been demonstrated in many forms 


* Mr. Gowanloch has very kindly permitted this use of figures and data from 
his unpublished work. 
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both animal and plant. The regions more susceptible to the higher 
concentrations of external agents show in general a higher rate of 
penetration of such agents as vital dyes than less susceptible regions. 
But many facts indicate that permeability of living cells is itself 
closely associated with physiological condition and with metabolism 
as a factor in such condition. It has been pointed out elsewhere 
(Child, ’21 a, pp. 40-42) that the susceptibility gradients cannot be 
interpreted in terms of permeability of cell surfaces as a physical con- 
dition independent of metabolism. There is no reason to believe 
that the permeability of living cells is independent of metabolism, 
moreover, a certain parallelism exists between rate of penetration of 
various substances and rate of oxidation. And finally the results of 
differential acclimation are opposed to the differential permeability, 
i. e., it is the regions of higher permeability which acclimate most 
rapidly and to the greatest degree. 

Oxidation-reduction reactions. — Certain oxidation-reduction re- 
actions render the physiological gradients directly visible as color 
gradients resulting from the deposition of the products of oxidation 
or reduction at different rates or in different amounts at different 
levels of a gradient. For example, the different levels of a physio- 
logical gradient reduce potassium permanganate at different rates and 
in different amounts and so become visible as gradients in depth of 
brown or blackish color due to deposition of MnOz, or other oxides in 
the protoplasm (Figs. 58-60). This reaction has proved to be a very 
delicate method for demonstrating the physiological gradients in 
many cases.! The indo-phenol reaction, an oxidation, has also been 
used in certain cases, the physiological gradients appearing as gra- 
dients in depth of blue resulting from deposition of the blue indo- 
phenol in the protoplasm (Child, 15a). The gradients have also 
been demonstrated in various plant and animal forms after stain- 
ing with methylene blue as gradients in rate of reduction of the dye 
in the protoplasm. 

Electrical potential. — The physiological gradients are also char- 
acterized by differences in electric potential. Observations have been 
made on many different forms, both animals and plants.” In general, 
in animals the higher levels, 7. e., the levels of more intense activity, 
of higher rate of oxidation, are electro-negative, galvanometrically, 


1 Child, 719 a, e, ’21d, 23 a, Galigher, ’21; Hyman, ’20b, ’22. ; 

2 See Child, ’21 d, p. 90; Mathews, ’03; Morgan and Dimon, 04; Hyde, ’04; 
Hyman, ’20 b, ’23 a; Hyman and Bellamy, 22; Lund, ’22; and some data in 
the work of Waller, ’97, ’03. 


ut 


88 PHYSIOLOGICAL FOUNDATIONS |: 





Fics. 58-60.—Axial gradients in reduction of KMnO,. 


Fig. 58.—Reduction gradient in wall of sycon sponge split longitudinally. 

Fic. 59A-C.—Reduction gradients in developmental stages of hydromeduse: 
(A), in superficial cytoplasm of ovarian egg of medusa, Stomotoca atra; (p), area of at- 
tachment of egg in gonad; (B), in two cell stage of medusa, Phialidium; (C), a stage of 
reduction gradient in ectoderm of planula of Phialidium. 

Fie. 60A—B.—Reduction gradients in sea urchin development: (A), in optical sec- 
tion of ovarian egg; (B), in optical section of early blastula. 


to lower levels. In the alge thus far examined the higher levels of a 
physiological gradient are usually electro-positive to lower levels. 
This difference of sign between animals and algsee may be connected 
with the fact that in the latter the reduction and syntheses connected 
with photosynthesis and its products overbalance the oxidations as 
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factors in potential difference. Further work is necessary, however, 
to determine whether this suggestion is correct. 

The existence of characteristic differences of electric potential as- 
sociated with the physiological gradients suggests the probability 
that the differences in rate of metabolism or oxidation along the gra- 
dient play an important part in determining these potential differ- 
ences. Moreover, the fact that the differences of sign at different 
levels are such as we should expect from the differences in metabolic 
rate known to exist increases this probability. The evidence for 
this view is presented in the recent discussion of this question by Hy- 
man and Bellamy (’22). It should, however, be stated with some 
emphasis that this view by no means involves the assumption that 
differences in metabolic rate are the only source of potential differ- 
ences in organisms. Unquestionably there are many other sources of 
such difference, and other factors than metabolism may be concerned 
in the axial potential differences, but many lines of evidence indicate 
that the metabolic factor is of importance as a source of potential 
difference. 

Galvanotaxis. — A relation of some sort between the galvanotactic 
reaction and the gradients exists, at least in many of the simpler ani- 
mals, as Hyman and Bellamy (’22) have shown. So far as observa- 
tions go at present, forms with a simple polar gradient tend to orient 
themselves in the electric current so that the high end of the gradient 
is toward the negative pole. The same reaction appears in various 
axiate organs such es ccelenterate tentacles. In annelids with a sec- 
ond region of high metabolic rate at the posterior end, the two ends 
of the body are turned toward the negative pole so that the body takes 
U-shape. In the arthropods and vertebrates the situation is com- 
monly more complex, as might be expected in consequence of the 
high degree of modification of the primary gradients and the neuro- 
muscular complexity. 

At present any attempt at interpretation of this apparent relation 
ketween the gradients and the galvanotactic reaction can be little 
more than surmise. Hyman and Bellamy suggest that the orienta- 
tion is in some way connected with the fact that the region of highest 
metabolic rate is positively charged in relation to other parts, but 
they do not attempt to show how the positivity of this region deter- 
mines orientation. A. R. Moore (’23) has shown that in the earth- 
worm a reaction very similar to, if not identical with, the galvanotac- 
tic reaction occurs when the current is passed transversely through a 
few body segments, as well as when the whole body is exposed to it, 
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and that the nerve cord is necessary for conduction of the stimulus 
which brings about orientation of the parts not directly affected by 
the current. On the basis of these experiments he maintains that the 
galvanotactic reaction in the earthworm results from the action of 
the current on the nervous system. His experiments and interpreta- 
tion do not, however, alter the fact that a relation of some sort exists 
between the polar gradient and the orientation, nor will it hold for 
some of the simpler organisms which have only a rudimentary nervous 
system or none. At present only the apparent fact of the relation be- 
tween the gradient and the galvanotactic reaction need be noted: 
further work is necessary for any general interpretation of the 
mechanism of orientation. 

Respiration. — And finally it has been possible in various cases to 
determine directly differences in rate of oxygen consumption and 
CO, production at different levels of physiological gradients.! This 
method of direct determination of respiratory exchange of different 
body levels meets with various difficulties, e. g., the effects of sepa- 
rating different body regions, the fact that it gives only total oxygen 
consumption or CQ; production of all organs and does not afford any 
means of distinguishing between different organs or regions in which 
the gradients are not necessarily the same or in the same directions. 
For this reason the method has been used chiefly for simple organisms. 

Organ gradients — The existence of a physiological gradient or gra- 
dients in various axiate organs of many organisms has been demon- 
strated by one method or another, or by several different methods. 
Such gradients have been observed in various specialized reproduc- 
tive axes and in the “hairs” of alge, in the larger flagellum of Noc- 
tiluca, in the tentacles of various ccelenterates, in the plate rows of 
ctenophores, the growing arms of echinoderm larve, the branchize 
and sensory tentacles of various annelids, the growing tail of ascid- 
ian and amphibian tadpoles. Dr. Hyman has found that the em- 
bryonic heart of fish and chick represents a physiological gradient 
with high region at the sinus end. Tashiro has found a gradient in 
CO: production in various nerves, and MacArthur and Jones a gra- 
dient in respiration rate in the nervous system as a whole. The most 
extensive work on the physiological gradient of any organ is that of 
Alvarez and his coworkers on the alimentary tract. They have 
found in the small intestine, for example, corresponding gradients 
in irritability, latent period, tone, rhythm, conduction, suscepti- 

eine and Child, ’20; Hyman and Galigher, ’21; Child, ’23 a; Hyman, 
123 a, b. 
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bility to various drugs, etc., and their work on stomach and colon 
shows the existence of similar gradients in those organs. Penfield 
has suggested the existence of such a gradient in the ureter." 


THE CONCLUSIONS FROM THE EVIDENCE 


The different lines of evidence indicating or demonstrating the 
existence of physiological gradients are in remarkable agreement. 
They force us to the conclusion that physiological axes in the simplest 
terms thus far discovered, are gradients in physiological condi- 
tion in the protoplasm, or some part of the protoplasm of a single 
cell or a cell mass, involving the fundamental metabolic reactions, 
as well as physical condition of the protoplasmic substratum. More- 
over, the various methods indicate that the physiological differences 
at different levels of an axial gradient are primarily quantitative, 
rather than qualitative differences, 7. e., they are first of all differ- 
ences in rate, amount, degree, rather than differences in kind, though 
qualitative differences may appear secondarily. Except as regards 
the apparently specific susceptibilities of certain tissues or organs 
to certain agents in the later developmental stages and mature forms, 
particularly of the higher animals, the different methods agree in 
their evidence concerning position, direction and course of the phys- 
iological gradients. That is to say, the differences in structure, rate 
of development, susceptibility, rate of penetration, rate and amount 
of reduction or of oxidation, electric potential, and, in cases where 
they have been determined, oxygen consumption and CO, produc- 
tion, all indicate the same regions of the organism as high and low 
ends respectively of a particular gradient and the regions between as 
intermediate in condition. 


1 Most of the published data on organ gradients may be found in the following 
references: on the hairs of alge, Child, 717 a; ccelenterate tentacles, Child, ’19b, 
21d, Child and Hyman, 19, Hyman, ’20b; ctenophore plate row, Child, ’17 ¢; 
arms of echinoderm larve, Child, ’16 d, Galigher ’21; nerve fibers, Tashiro, 14, 
15, b, 717; nervous system, G. J. MacArthur and O. C. Jones, ’17; alimentary 
tract, Alvarez, ’14, ’15a, b, 16a, b, 17a, b, 18a, b, c, 22; Alvarez and Mahony, 
21, Alvarez and Starkweather, 18a, b, c, 719, Alvarez and Taylor, ’17 a, b, Taylor 
and Alvarez, ’17; ureter, Penfield, ’20 and references given. The physiological 
literature on the vertebrate heart indicates very clearly the existence ofa gradient 
of some sort in this organ, with the sinus end as pacemaker. Hyman (’21) has 
demostrated a susceptibilty gradient in the embryonic fish heart and Mr. Al, INE 
Gowanloch has been able to alter and obliterate the gradient experimentally 
through differential susceptibility and so to alter the course and direction of the 
beat (Gowanloch ’23). Other data on branchie and sensory tentacles of poly- 
chetes, tails of ascidian and amphibian tadpoles and various other organs are 


still unpublished. 
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The relation of the gradients to the various organs and parts of 
the developing organism is also definite. The apical region or head 
arises from the high end of the major, or polar gradient, and the 
other organs at different levels of the gradient. In the axes of ra- 
diate parts the relation between gradient and localization is also defi- 
nite and characteristic for the species. The tip of the ccelenterate 
tentacle, for example, represents the high end of the tentacle gra- 
dient. In most bilateral invertebrates, e. g., turbellaria, annelids, 
arthropods, the median ventral region, and in the vertebrates the 
median dorsal region arises from the high region of the bilateral gra- 
dients. In the various organs, appendages, etc., of bilateral forms, 
the symmetries or asymmetries are associated, at least during early 
development, with physiological gradients. 

The evidence indicates further that the chief gradients appear 
primarily in the superficial regions of the cell or multicellular body. 
In many of the simpler organisms, e. g., many protozoa (Child, ’14 b) 
and plant cells, they are present throughout life only in the ecto- 
plasm or the superficial regions. On the other hand, in more highly 
specialized organisms with definitely localized, axiate internal or- 
gans, gradients are also present in these organs, so far as examined, 
though these gradients may differ in position and direction from those 
of superficial regions. As regards persistence or modification of 
gradients during the life history it has been found that the primary 
gradient or gradients may persist in many of the simpler organisms 
throughout life or even through various reproductive processes, but 
complications and modifications of various sorts may also occur 
(Child, ’15 b, pp. 54, 60, 716, ’17, ’21 a, p. 26). The original polar 
gradient may be obliterated or reversed, as in the development of 
the hydroid from the planula (Figs. 22-24). In the process of bud- 
ding in plants, hydroids and many other forms a new gradient ap- 
pears in each new bud (Child, 19 b). In segmented animals, so far 
as examined, the lower end of the polar gradient becomes second- 
arily a region of high metabolic rate and from this new segments 
arise (Hyman, ’16 a, ’21, Hyman and Galigher, ’21, Child, ’17, Bell- 
amy, ’19). From the stage at which this posterior high region ap- 
pears to the completion of segment development, or in some forms 
throughout life, the axis of the segmented animal represents a 
double gradient, both ends of the body being high ends with the low 
region at an intermediate level. The data obtained by Morgan and 
Dimon (’04) on electrical polarity in the earthworm show the double 
character of the axis, but their significance was not apparent when 
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they were published. Again the origin of new radial axes about a 
circumference, such as the tentacles of a ccelenterate, the arms of a 
starfish, is associated with the origin of new gradients. Similarly 
the appendages of bilateral forms represent new gradients in more 
or less specialized tissues. 

Except in organisms with indefinite or temporary axiation, such 
as Ameba, the changes in the gradients during development of the 
individual, whatever they may be, occur in an orderly and definite 
manner and sequence for each form. In many cases we are able to 
analyze to some extent the physiological conditions associated with 
the origin of new gradients and even to determine their origin ex- 
perimentally, but in other cases we know as yet little or nothing of 
the conditions concerned. 

The further investigation proceeds along these lines, the more 
certain. it becomes that physiological axes in their simplest known 
terms represent quantitative gradations or differentials in physio- 
logical condition. This means merely that the simplest sort of phys- 
iological axis first becomes distinguishable as such a gradient. It 
does not necessarily mean that the axis always returns to its pri- 
mary condition with each reproduction, nor does it mean that every 
individual axis is nothing more than such a gradient. It is possible 
that in some cases qualitative differences may exist along an axis 
from the beginning of that particular axis, but the facts indicate 
that the quantitative differences are the fundamental factors in ax- 
late pattern. 


SURFACE-INTERIOR PATTERN AND CELL PATTERN IN RELATION 
TO PHYSIOLOGICAL GRADIENTS 


In pure surface-interior pattern the only differential is from the 
surface inward, all parts of the surface being alike (Chap. IV, p. 57, 
also Child, ’21 a, pp. 23, 60-62). The cell itself is apparently a 
further development of such pattern, with nucleus and cytoplasm 
as the fundamental qualitative differentiations. Obviously interior 
rather than surface conditions are necessary for the formation of 
nuclear substance. There is no evidence to indicate that the cell 
is physiologically anything more than this, though those who re- 
gard polarity as a universal property of protoplasm must of course 
hold that all cells are fundamentally axiate. 

Whether surface-interior pattern consists primarily in a quanti- 
tative physiological gradient like that of axiate pattern, but ex- 
tending from all points of the surface inward, it is impossible to de- 
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termine. External agents necessarily act from the surface inward, 
so that we cannot determine whether a susceptibility gradient exists. 
Direct investigation of the interior of such an organism is possible 
only by exposing it, 7. e., by making some part of it a surface. But 
the existence of physiological gradients of some sort from the sur- 
face inward in surface-interior pattern can scarcely be doubted. Ex- 
citation occurs primarily at the surface and if it is transmitted in- 
ward at all, is very probably transmitted with a steep decrement. 
Oxygen and nutritive substances enter through the surface and waste 
products must pass out through it, so the possibility of various con- 
centration gradients between surface and interior exists. It seems 
probable that the surface-interior pattern is fundamentally like the 
axiate pattern in so far as it originates in quantitative differences 
in physiological condition, rather than in qualitative differences 
in constitution. 

The presence of axiate pattern does not mean the disappearance 
or obliteration of surface-interior pattern. Surface-interior pattern 
appears in every organism, not only with relation to the external 
surfaces, but also to the internal surfaces. In fact, surface-interior 
pattern exists wherever living protoplasm is exposed to a non-pro- 
toplasmic environment, 7. e., wherever a surface occurs, and in many 
cases also in relation to two protoplasmic surfaces in contact, e. g., 
two cells. In general, organisms represent patterns ranging from 
pure surface-interior patterns through various combinations of sur- 
face-interior, polar, radiate and bilateral patterns. 


CHAPTER VIII 


THE PHYSIOLOGICAL GRADIENTS IN RELATION TO 
LOCALIZATION AND DIFFERENTIATION 


According to the Roux-Weismann theory of qualitative nuclear 
division, development is itself a distributing or sorting process in 
which the various determinants are assigned to their proper places. 
The localization of parts or characters results from this process and 
the differentiation of the cells is a matter of the determinants which 
they contain. As already noted in Chapter III, the data of observation 
and experiment have forced the abandonment of this theory, and it 
is now gererally admitted that no such distributive process occurs 
in development. Morgan’s assertion that each cell inherits the whole 
germ plasm expresses current views and indicates the change in our 
conceptions of heredity and development. 

Experimental investigation has shown beyond question that phys- 
iological polarity and symmetry are factors in the localization of 
parts in individual development. If polarity and symmetry are 
primarily quantitative gradients in physiological condition, as main- 
tained in the preceding chapter, it is necessary to show, first, that 
such gradients can serve as the basis for localization and differentia- 
tion of parts, and, second, that localization and differentiation can be 
experimentally controlled and altered by controlling or altering the 
gradients. 


THE GRADIENTS AS A POSSIBLE BASIS OF LOCALIZATION 
AND DIFFERENTIATION 


The general question how a quantitative physiological gradient 
can serve as the basis or starting point for the orderly and progres- 
sive complication and qualitative differentiation of parts which takes 
place in the development of the individual is of course important. 
The experimental data show conclusively that localization and differ- 
entiation do occur in relation to physiological gradients, but with our 
present fragmentary knowledge of protoplasm as a physico-chemical 
system we can do little more than point out probable or possible ways 
in which this may occur. 

Localization in the physiological sense means the determination 
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of the locus in protoplasm of some particular process, change or con- 
dition, commonly the specialization or differentiation of some organ 
or part. Differentiation, as the term is usually employed, is the 
appearance of directly perceptible, 7. e., morphological differences 
in structure and constitution in different parts or regions of an organ- 
ism. In general differentiation may be described as the appearance 
in protoplasms of substances and structures of molar, 7. e., mor- 
phological magnitude, which were not originally present. Localiza- 
tion and physiological specialization of parts may occur without 
visible differentiation, 7. e., parts specialized in different directions are 
not necessarily different in gross morphological structure. Differ- 
entiation in the sense employed here is primarily a result or incident 
of certain degrees of specialization. It is not necessary to suppose 
that all specializations and differentiations involve qualitatively 
different chemical reactions or substances, but certainly many of them 
do and the essential question is how or whether such qualitative differ- 
ences can arise in relation to the differences in condition at different 
levels of physiological gradient. 

Differences in the velocity of a chemical reaction do not of them- 
selves give rise to qualitatively different products, but in the proto- 
plasmic system the different levels of a physiological gradient repre- 
sent not merely differences in velocity of a single reaction, but differ- 
ences in many factors, physical and chemical, e. g., colloid dispersion, 
ionization, active mass of enzymes, concentration of various sub- 
stances, probably water-content, and velocities of many different 
chemical reactions. These differences and probably others are all 
more or less closely interrelated and it is idle to speculate as to the 
primary factor: probably it is sometimes one, sometimes another, 
according to conditions. I'rom what we know of non-protoplasmic 
physico-chemical systems it is evident that in so complex a system 
as protoplasm the possibilities of the origin of qualitative differences 
from differences originally quantitative are as numerous as could be 
desired (see Child, ’21 a, pp. 90-97). Moreover, the fundamental 
chemical reactions in the protoplasmic system do not in general pro- 
ceed to completion, or attain equilibrium, but in conquence of the 
entrance of nutritive substance and oxygen, the exit of CO, and other 
waste products, and the deposition of still others in inert form, they 
continue at a greater or less velocity throughout life. The relation 
between the rate of entrance of nutritive substance or of oxygen and 
the velocity of the oxidative reactions may be a factor in determining 
structural differentiation. If, for example, nutritive material enters 
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a cell more rapidly thanit is oxidized, it may accumulate as unoxidized 
or partially oxidized “reserves,” e. g., fat, or yolk in animal eggs 
starch in plant cells, etc. The parts which become specialized ad 
differentiated as regions or organs bearing reserves are in general 
regions of low oxidative metabolism. In the plant, for example, the 
reserves do not in general accumulate where they are formed, but in 
the regions of low respiratory activity. As Véchting (’78, ’84, ’87, 
’00, etc.) and other botanists have shown, it is possible to determine 
the localization and differentiation of such reserve organs in regions 
of the plant where they never appear normally and to determine their 
dedifferentiation and redifferentiation into ordinary axes by changes 





Fics. 61, 62.—Pancreas cells of toad: Fig. 61, fully loaded and almost quiescent; 
Fig. 62, almost completely discharged after prolonged stimulation (from Child, 715 b, 
after preparations loaned by R. R. Bensley). 


in conditions which are not specific but primarily quantitative. The 
plant responds to the quantitative change with qualitative effects. 

Similarly in the animal body a decrease in rate of functional oxida- 
tive metabolism may result in the accumulation of fat in various 
cells and increase in metabolic rate in its disappearance. There is 
no indication that the changes in metabolism in such cases are any- 
thing more than quantitative, but the results are qualitative. 

Again, the loading of the gland cell accompanied by very defi- 
nite and conspicuous structural differentiation (Fig. 61) occurs in 
the presence of nutritive substance when the cell is unstimulated and 
the oxidation rate is low but when the cell is stimulated and the rate 
of oxidation increases “discharge”’ occurs and the differentiation of 
the loaded stage disappears (Fig. 62). Many differentiations are 
undoubtedly very similar in character to these, though often more 
stable and less readily reversible. 

In many animal eggs yolk accumulates during the ovarian growth 
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period and a gradient in rate and time of deposition or in amount of 
yolk is often visible. This gradient corresponds to the physiological 
gradient in the egg, the yolk being deposited earlier, more rapidly, 
or in larger amount at the lower levels of the gradient. In eggs in 
which nutrition enters chiefly or wholly at one point, this may be 
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Fia. 63.—Half grown ovarian egg of Sternaspis scutata, showing the peduncle with 
vascular loop extending into cytoplasm of egg. The attached pole becomes basal, the 
free pole, apical (from Child, 715 b). 

Fie. 64.—Section of ovarian egg of frog, showing yolk gradient; (p), pedicle by which 
egg is attached (from preparation loaned by A. W. Bellamy). 


the chief factor in determining that region of the egg as the low end of 
the gradient. The ovarian egg of Sternaspis, for example, is attached 
by one pole, and a vascular loop enters the egg through the pedicle of 
attachment (Fig. 63). Apparently nutritive substance enters chiefly 
through this pole, which becomes the basal entodermal pole of the 
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Fic. 65.—Semi-diagrammatic view of ovarian 
egg of frog, showing a characteristic arrangement 
of arteries and veins: (a), artery; (v), vein; (p), 
pedicle (from Bellamy, ’19). 


egg. On the other hand, 
the free end of the egg is 
more exposed to the fluid 
of the ovarian cavity and 
this exposure may conceiv- 
ably be more effective than 
the vascular loop in pro- 
viding for respiratory ex- 
change and determining 
the pole of the egg as 
apical. But whether the 
gradient of the Sternaspis 
egg is determined chiefly 
by one or by both of these 
differentials, the primary 
difference is quantitative 
rather than specific. Nu- 
tritive substance undoubt- 


edly reaches all parts and respiratory exchange undoubtedly occurs 
in all parts. In various other invertebrate eggs the relations be- 


tween _ polarity 
and attachment 
are very similar to 
those in Sternas- 
pis, the free pole 
becoming apical 
and the high end 
of the gradient, 
the attached pole 
basal and the low 
end. 

In the frog’s 
egg a yolk grad- 
ient also appears 
(Fig. 64) although 
the whole egg in 
later stages is in- 
closed in a capil- 
lary network (Fig. 
65). The visible 
structure of the 
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Fic. 66.—Axial section of full grown egg of Chetopterus 
pergamentaceus before maturation, indicating the structural 
differentiation of the cytoplasm in relation to the axis (from 
F. R. Lillie, ’06). 
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unfertilized egg of the annelid Chetopterus (Fig. 66) as described by 
F. R. Lillie (06) suggests that here more or less morphological 
differentiation has occurred in relation to the physiological gradient 
which is present in this egg (Child, ’17). But Lillie (08) has shown 
that this visible differentiation is not the fundamental factor in the 
polarity of the egg, since by means of centrifugal force the various 
spherules can be carried into different regions of the egg without al- 
tering essentially the course of development. 

The point which I wish to emphasize in this connection is that 
an apico-basal physiological gradient is present in all animal eggs 
examined, including various ccelenterates, echinoderms, annelids, 
mollusks, amphibia — whether distinct visible axial differentiation is 
present or not. Apparently different eggs develop very different 
degrees of specialization in relation to the gradient before fertilization. 
It is sufficiently evident, however, that the gradient may serve as the 
basis or starting point of differentiation. If the gradient is present 
before yolk formation begins, yolk may accumulate more rapidly or 
in greater amount at the lower levels. On the other hand, the accumu- 
lation of yolk about the region of entrance of nutrition may perhaps 
itself originate a gradient. The differences determined by such a 
gradient may lead not only to qualitative differences in reaction at 
different levels, but they may determine differences in rate of cell 
division, turgor, viscosity, etc., which become factors in determining 
further relations of the parts concerned. There is every reason to 
believe that gastrulation with all its consequences results from differ- 
ences originally quantitative, rather than qualitative. 

In fact, localization and differentiation during embryonic develop- 
ment apparently consist in large measure of the origin of specific 
qualitative from non-specific quantitative differences, although it is 
often a matter of viewpoint where we shall draw the line between 
these two categories. The data of developmental physiology and 
differentiation considered without theoretical preconception afford 
the strongest support to this conclusion, and there seems to be 
no other which will account for all the facts in physico-chemical 
terms. 

Both synthesis and breakdown of various substances are going 
on in protoplasm. If for any reason the rate of synthesis of certain 
molecules exceeds the rate of decomposition, or if the molecules once 
formed are relatively stable under the conditions in the cell, an accu- 
mulation of these molecules will occur in the cell and it will become 
qualitatively, and if the process goes far enough, morphologically 
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different from other cells in which decomposition keeps pace with 
synthesis. 

Apparently just such differences as these occur at different levels 
of a physiological gradient. The different regions of a cell or the differ- 
ent cells along a gradient become qualitatively different by the appear- 
ance in their cytoplasm of different substances. It seems to be true, 
moreover, that cells which represent lower levels of a gradient tend 
in general to accumulate non-protoplasmic substances to a larger 
extent than those of higher levels. This is certainly true in the plant, 
in which cells of the growing tip and higher levels consist wholly or 
largely of granular “embryonic” protoplasm, while at lower levels 
fluid vacuoles and other inclosures appear in increasing volume. In 
animals also differences of this sort appear to some extent. The nerve 
cells, for example, which represent the high ends of the chief axial 
gradients, seem to retain a “protoplasmic” structure to a higher 
degree than many other cells of lower levels in the gradients: in these 
latter we find various sorts of inclosures and non-protoplasmic struc- 
tures and in some the original protoplasmic structure has largely dis- 
appeared. Skeletal and supporting tissues generally develop from 
cells representing relatively low levels of a gradient. 

As I have pointed out repeatedly, this conception of the significance 
of the gradient in localization and differentiation is not necessarily 
in conflict with current views, concerning the importance of chemical 
or transportative correlation, hormones, etc., but may merely supple- 
ment them. It is evident that as soon as qualitative regional differen- 
ces do arise, or probably when the quantitative differences become 
sufficiently great, the basis for transportative or chemical correlation 
is established. In the case of the polar differentiation of the animal 
egg, for example, the yolk of the one hemisphere is largely used as 
nutrition in the growth of the other, 7. e., the polar differentiation 
becomes the basis of a transportative correlation between the two 
hemispheres of the embryo. This is a factor in determining further 
differences and so on until the final relations of ectoderm, mesoderm 
and entoderm and their products are established. 


DATA OF OBSERVATION AND EXPERIMENT 


Since the physiological gradients are characteristic of physiolog- 
ical polarity and symmetry, at least in the earlier developmental 
stages and since localization and differentiation of parts occur along 
these gradients, a certain relation, real or apparent, must exist be- 
tween the gradients and the developmental processes. As a matter 
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of fact, we find the apical region or the head of the organism arising 
from the high end of the gradient and the other organs characteris- 
tic of each species arise in order at various levels of the gradient. 
These facts, however, are merely suggestive, not demonstrative. 
From them alone we might as readily conclude that the physiolog- 
ical gradients and the developmental phenomena are both deter- 
mined by some more fundamental factor, as that localization and 
differentation are  deter- 
mined by and result from 
the gradients. 

The experimental modi- 
fication and obliteration of 
gradients, and the deter- 
mination of new gradients 
afford more conclusive, 
though strictly speaking 





Fics. 67-69.—Lengths of hydranth primordia of stem pieces of Tubularia under 
various conditions: Fig. 67, under standard normal conditions; Fig. 68, under condi- 
tions which accelerate metabolic, e. g., high temperature, slight dilution of sea water 
rate; Fig. 69, under conditions which decrease metabolic rate, e. g., low temperature, 
inhibiting chemical agents. The primordia show four regions: (a), pretentacular or 
oral; (6), distal tentacular; (c), intertentacular; (d), proximal tentacular (from Child, 
LBC) s 
not absolutely demonstrative evidence. As I have pointed out else- 
where (Child, ’715b, pp. 128-142), altering the physiological condi- 
tion either in the direction of depression or of excitation alters 
the length of the gradient. If the gradient is a factor in the 
localization of organs we may expect to alter their relative lengths 
or distances apart as we alter experimentally the length of the gra- 
dient, and this proves to be the case. In the regulatory development. 
of the hydranth of Tubularia from pieces of stem the hydranth pri- 
mordium is formed inside the perisare, the two sets of tentacles being 
represented by longitudinal ridges, as indicated in Figures 67-69. In 
pieces of like physiological condition, from a given level of the stem, 
and kept under the same environment the length of the primordium 
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and of the four regions composing it is fairly constant (Fig. 67). Un- 
der conditions accelerating metabolism it is longer (Fig. 68) and un- 
der depressing conditions it is shorter (Fig. 69). 

In the reconstitution of pieces of Planaria dorotocephala into new 
individuals localization of parts can be similarly controlled. At a 





70 
Fics. 70-75.—Size of head, length of prepharyngeal region and position and length 
of pharynx in reconstitution of Planaria dorotocephala under different conditions: 
Fig. 70, outline indicating level of section; Fig. 71, reconstitution under standard 
laboratory conditions; Figs. 72-74, different positions and lengths of regions and 
organs with different degrees of inhibition; Fig. 75, reconstitution with high metabolic 
rate at high temperature (from Child, ’15 c). 


temperature of 20° in well-aérated water the isolated postpharyngeal 
region of Planaria — the portion posterior to the transverse line in 
Figure 70 — gives rise to a new animal like Figure 71, the pharynx be- 
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ing somewhat anterior to the middle, the region anterior to it differ- 
entiating as a prepharyngeal region and that posterior remaining 
practically unchanged. Under depressing conditions the head is 
smaller, the new prepharyngeal region shorter and the pharynx arises 
nearer the head, the difference from normal increasing with the degree 
of depression (Figs. 72, 73). Under a sufficient degree of depression 
reconstitution is practically limited to development of a minute head, 
almost no traces of reorganization of the anterior region of the piece 
into a prepharyngeal region occurring and the pharynx being entirely 
absent (Fig. 74). Changes in physiological condition in the opposite 
direction determine a longer prepharyngeal region and localization of 
the pharynx at a more posterior level (Fig. 75). Similar alterations in 
localization of the pharynx have been observed in a polyclad accord- 
ing as the cephalic ganglia are present or absent. Among the poly- 
clads pieces do not give rise to new heads except when some portion 
of the cephalic ganglia, or in some cases, of parts of the nerve cords 
near them are present. When the pieces remain headless the new 
pharynx arises nearer the anterior end than when a head is present 
or develops (Child, ’05). 

Another line of evidence appears in the modification of develop- 
ment by means of differential susceptibility. Attention was briefly 
called to such modifications in connection with the discussion of sus- 
ceptibility in the preceding chapter, but it is necessary to consider 
these modifications somewhat more at length at this point in their 
relation to localization and differentiation of parts. 

Taking up first the question of obliteration of gradients or axes, it 
is evident that if the gradient represents the axis, obliteration of the 
gradient ought to result in obliteration of axial localization and 
differentiation. The obliteration of a gradient through differ- 
ential susceptibility results from the fact that the levels of higher 
metabolic rate in a gradient are more susceptible and are therefore 
more depressed by inhibiting agents than the levels of lower rate. 
Consequently the gradient becomes less steep and with a certain de- 
gree of differential inhibition its steepness may attain zero, 7. e., it 
may be obliterated. When a gradient is obliterated in this way in 
early stages of development, we find that further development shows 
no indication of the order corresponding to that particular gradient. 

The obliteration of the apico-basal gradient in the hydroid larva was 
mentioned in the preceding chapter (pp. 82, 83, Figs. 45-47). After 
obliteration the larve are apolar so far as can be determined, both as 
regards the existence of physiological gradients and the capacity for 
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axiate development and axiate motor behavior. They remain spher- 
ical indefinitely, even when returned to water, unless they are sub- 
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Fics. 76-81.—Obliteration of bilaterality in larval development of starfish, Asterias 
forbesii: Fig. 76, normal larva, oral view; Fig. 77, normal larva, side view; Figs. 78, 79, 
radially symmetrical, Figs. 80, 81, slightly bilateral modifications of development in 
KCN, m/200000. The ciliated bands are indicated by shading, the entoderm is drawn 
in broken lines, the ccelom sacs, if separated from entoderm, in dotted lines. 


jected to a new differential in environmental conditions sufficient 
to determine a new gradient, or gradients. When this occurs, axiate 
development proceeds again, but the new axis or axes may arise in 
any direction with respect to the original (see pp. 123-125). 
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Obliteration of bilaterality in the starfish larva is readily brought 
about by the same methods. The normal larva of Asterias is dis- 
tinctly bilaterally symmetrical in form (Figs. 76, 77), but when de- 
velopment from the eight, or the sixteen cell stage on takes place in 
KCN, m/200,000 at temperatures ranging from 20° to 24° the larve 
show various degrees of modification resulting from differential inhi- 
bition. A large percentage of these larve are either completely ra- 
dially symmetrical in structure (Figs. 78, 79) or show some slight indi- 
cations of bilaterality in the position of the ciliated bands (Figs. 80, 81) 
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Fig. 83.—Sea urchin larva from 
82 which all visible indications of 
Fig. 82.—Radially symmetrical polarity and symmetry have been 
frog embryo: a differential inhibi- obliterated through differential in- 
tion resulting from exposure of un- hibition by KCN (many other 
segmented egg to LiCl m/10.62 agents give same result): (ec), ecto- 
for 76 hours; then 20 hours in derm; (en), entoderm; mesenchyme 
water; (bp), blastopore lip (from cells scattered between ectoderm 
Bellamy, ’19). and entoderm, not shown. 


or other organs. Larvee of the sea urchin, Arbacia, in which bilateral- 
ity has been completely obliterated, so far as distinguishable structural 
and physiological differences are concerned, have been described else- 
where (Child, ’16 d). With the same methods Bellamy has almost or 
completely obliterated bilaterality in amphibian embryos (Fig. 82). 
By means of somewhat more extreme inhibiting conditions it is 
possible to obliterate completely, not only the bilaterality, but the 
polarity of echinoderm embryos. In the case of the sea urchin such 
forms lose their definitely directed movement and remain spherical 
in form indefinitely. Structurally they consist of a spherical ectoder- 
mal vesicle containing a spherical entodermal vesicle, and in the cav- 
ity between these a few mesenchyme cells (Fig. 83). Even when they 
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are returned to water, such Jarve may live for weeks without further 
development. Moreover, susceptibility tests show that the polar 
susceptibility gradient characteristic of normal larve is completely 
absent. In these cases, then, all the gradients have been obliterated 
and with their disappearance, the capacity for axiate development 
and differentiation has also disappeared, and the animal no longer 





Fics. 84-88.—The head forms appearing in the reconstitution of pieces of Planaria 
dorotocephala: Fig. 84, normal head; Fig. 85, teratophthalmic head, development of 
median region inhibited; Fig. 86, various degrees of teratophthalmia; Fig. 87A-—D, 
teratomorphic heads, showing the range of forms. The degree of medio-lateral, differ- 
ential inhibition is always greater than in teratophthalmia; Fig. 88A—D, anophthalmic 
heads representing a still greater degree of medio-lateral differential inhibition. 


shows even axiate motor behavior, but merely rolls about in one di- 
rection or another indefinitely. Dr. J. W. MacArthur permits me to 
state that he has produced by the same methods apolar starfish larvee 
similar to those of the sea urchin (Fig. 83). 

With less extreme degrees of differential inhibition acting at early 
stages of development, it is possible to inhibit more or less completely 
the development of higher levels of a gradient, while less susceptible 
levels proceed more or less rapidly. In this way proportions may be 
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altered in such manner that the parts representing the higher levels 
of a gradient are reduced relatively to those representing the lower 
levels, or even completely inhibited in development. Differential in- 
hibitions of this sort in the sea urchin larva were briefly described and 
figured in the preceding chapter as examples of differential suscepti- 
bility (pp.83-94, Figs. 48-52). With the same methods and a wide 
range of agents, Dr. MacArthur has obtained similar modifications in the 
starfish and various other echinoderms, and Bellamy (’19, ’22) has de- 
scribed numerous cases in the frog which illustrate the same principle. 
Some of the most interesting modifications resulting from differ- 
ential inhibition concern bilateral organs. In most if not all bilateral 
animals metabolic rate and susceptibility decrease primarily from the 
median ventral, or the median dorsal, region laterally (see pp. 81, 92). 





Fia. 89.—Cyclopia in frog, resulting from differential inhibition by treatment with 
LiCl, m/7 for three hours in early gastrula stage. The single eye is in the median 
plane beneath the surface and is seen through the body wall (from Bellamy, ’19). 


Consequently an inhibiting agent inhibits the median region more 
than the lateral, and bilateral organs may be approximated to the 
median line. The different forms of head in the regulatory develop- 
ment of Planaria dorotocephala (Figs. 84-88) can all be experimentally 
determined in this way and represent different degrees of differential 
inhibition in the medio-lateral axis (Child, ’16 b, ’20 a, ’21 c; Buchanan, 
’22; Sivickis, ’23). Under proper conditions forms representing dif- 
ferential acclimation and differential recovery can also be obtained 
(Child, ’21c). Similar medio-lateral differential modifications in the 
larval development of the sea urchin have already been noted (Chap. 
VII, Figs. 51,52). Cyclopia in fishes (Stockard, ’07, ’09, ’10, AD te 8) 
and forms intermediate between this condition and normal are like- 
wise different degrees of differential inhibition in the medio-lateral 
gradient. Bellamy has produced similar medio-lateral differential 
inhibitions in Amphibia (Fig. 89). 


‘See also Bellamy, 719, pp. 344-46, Figs. 23, 24 522. 
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The changes in localization and differentiation in differential ac- 
climation and recovery and in differential acceleration are, as already 
noted, in the opposite direction from those characteristic of differ- 
ential inhibition. Differential acclimation in the sea urchin was shown 
in Figures 53-56 with Figures 48, 49 representing normal larve for 
comparison. Bellamy’s work on the amphibia, unpublished work by 
MacArthur on several species of echinoderms and my data on the sea 
urchin and Planaria (Child, ’16 d, ’21 c) show that differential accli- 
mation and recovery determine changes in localization and differ- 
entiation in the same direction as regards any particular axis in 
all these forms and without specific relation to any particular 
agent. 

The fact may be emphasized in passing that in these experiments, 
as elsewhere, polarity and symmetry appear as non-specific or quan- 
titative regional differentials in a specific protoplasm. The produc- 
tion of anaxiate or modified forms does not require any particular 
agent or action, but polarity and symmetry can both be obliterated 
or modified by a large number of widely different agents and condi- 
tions. The obliteration or modification of the axes depends simply 
upon the differential susceptibility of different levels of the gradient 
which constitutes physiologically the axis.? 

The data on modification of development through differential 
susceptibility leave no room for doubt that differentiation is very 
closely associated with, and dependent upon, the physiological gra- 
dients. When the gradients are altered, localization and differentia- 
tion are altered, and when a gradient is obliterated, differentiation 
does not occur in that particular axis. Moreover, these changes are 
determined by changes which are primarily non-specific or quanti- 
tative. We do not have to use particular agents to obliterate spe- 
cific primordia, but by obliterating the gradient at a sufficiently 
early stage, we can prevent a primordium from developing and at- 
taining a stage of specific differentiation. Similarly, by altering 
length and slope of the gradients we can alter localization of organs 
along the axes represented by the gradients. And finally, we shall 


1 Recently Dr. M. A. Hinrichs (23 a) and I have observed independently 
that the same developmental modifications, resulting from differential suscep- 
tibility at different levels of the gradients, can be obtained in the sea urchin with 
ultraviolet radiation and with sunlight after photochemical sensitization as with 
other agents. With proper procedure either differential inhibitions like Figures 
50-52 or differential recoveries like Figures 53-56 can be obtained. No attempt 
has been made thus far to obtain differential acclimation with continuous ex- 
posure, but there is little doubt that with a certain range of intensity it will 


occur, 
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see in the following chapter that the appearance and establishment 
of new gradients determines axial differentiation in new directions. 

The data on developmental modification through differential sus- 
ceptibility not only do not require the postulation of symmetrical 
or asymmetrical molecules (Harrison, ’21) or a space lattice (Przi- 
bram, ’21), but they are difficult to interpret in such terms, for it 
is highly improbable that agents of widely dissimilar constitution 
acting upon protoplasm in widely different ways, can all produce 
the same stereochemical changes, nevertheless, with proper con- 
centration, period of exposure, etc., they do produce similar devel- 
opmental modifications, not only in a single species, but in widely 
different species. 


LOCALIZATION AND DIFFERENTIATION OF THE NERVOUS SYSTEM 
IN RELATION TO THE PHYSIOLOGICAL GRADIENTS 


The problem of the origin and development of the nervous system 
as it appears in the light of our present knowledge concerning the 
physiological gradients has been considered at length elsewhere 
(Child, ’21.a). Here it is possible only to refer briefly to a few points 
concerning localization and differentiation. In axiate animals the 
chief aggregation of nervous tissue is localized in the apical region 
or head, the region which primarily possesses a higher metabolic 
rate than any other part. Similarly the postcephalic portions of 
the central nervous system arise from the regions of highest rate in 
the symmetry gradients (see Child, ’21 a, Chap. VI) and the prog- 
ress of nervous differentiation in the posterior direction is an ex- 
pression of the antero-posterior gradient. 

As might be expected from its position in the gradients, the ner- 
vous system becomes morphologically distinguishable earlier than 
other definitive organs. Evidently then, its development, at least 
in its earlier stages, is independent of other organs which arise later. 
In short, the central nervous system arises from the dominant re- 
gions of the chief axial gradients and becomes, with its receptors, 
the organ par excellence of functional dominance or control in the 
behavior of the individual organism. As I have tried to make clear, 
the facts seem to me to indicate that the nervous system represents 
the morphological and physiological development and complication of 
the excitation-transmission relation which in its simplest form orig- 
inates from the non-specific differences in physiological condition at 
different levels of a physiological gradient. If this is true, it follows, 
since the physiological gradient originates as a protoplasmic re- 
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action to local or differential action of an external factor, that, phys- 
iologically speaking, the nervous system itself originates in proto- 
plasmic behavior. 

The nervous system shows relations not only to the axiate, but 
to the surface-interior pattern. Sensory cells very generally are defi- 
nitely arranged with reference to a surface. The epithelio-muscle cell 
of hydra (Fig. 90) probably represents a simple excito-motor ap- 
paratus originating in relation to surface- 
interior pattern (Child, ’21 a, Chap. XIII), 
the receptor or sensory end being at the 
surface, the effector or motor portion in 
the elongated contractile base, and the 
conductor between the two. 

If this conception of the rdle of the : nese 
physiological gradients in localization and Fre. 90.—Epithelio-muscle 
differentiation of the nervous system is cell of hydra. 
correct, they must play a part not merely in determining the general 
region from which nervous structure develops, but also in determining 
the polarity of individual neuroblasts, the localization and direction of 
outgrowth of axons, etc. In Chapters X and XI of ‘The Origin and 
Development of the Nervous System” this question was discussed 
and a modified form of Kappers’ (’17 and references there given) hy- 
pothesis of determination of neuroblast polarity and outgrowth by, 
bioelectric currents was advanced. According to this hypothesis the 
electric currents are primarily associated with the general axial gra- 
dients and so determine neuron polarity in relation to these gradients. 

The suggestion advanced as to the manner in which the physio- 
logical polarity of the neuroblast is electrically determined is, briefly 
stated, that the neuroblasts are electrically polarized by the bio- 
electric currents to which they are exposed and that such polariza- 
tion determines physiological polarity. The higher levels of a phys- 
iological gradient are electro-negative galvanometrically to lower 
levels. According to current conceptions the higher levels must 
therefore be internally electro-positive to lower levels. Consequently 
when a cell becomes polarized by exposure to an electric current the 
region or pole which becomes internally electro-positive to other 
parts will become the high end of a physiological gradient, a region 
of outgrowth and of dominance. 

In the discussion of this hypothesis, it was assumed that the mem- 
branes of the neuroblasts are impermeable at least to positive ions 
to such an extent that these ions accumulate within the cell on the 
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side toward the bioelectric cathode and that this polarization de- 
termines the polarity of the neuron. This suggestion was advanced 
because it seemed to fit the facts in the case better than any other. 
It may, however, be pointed out that it represents only one of two 
possibilities of electrolytic determination of physiological polarity. 
If the cell membranes are highly permeable to both positive and 
negative ions, the positive ions will leave the cell on the cathodic and 
enter on the anodic side, while the negative ions will pass out on 
the anodic and enter on the cathodic side. Under such conditions 
the polarization of the cell will be opposite to that which occurs in 
cells with relatively impermeable membranes and the internally 
positive region of the cell will be determined on the side toward the 
anode. 

According to this conception physiological polarity may be de- 
termined by an electric current in two opposite ways, depending 
upon conditions of permeability to positive and negative ions. 

As already pointed out, this hypothesis of electric determina- 
tion of physiological and particularly of neuron polarity is nothing 
more than an attempt to call attention to possibilities along this line.! 
The general physiological gradients are present in axiate animals 
and the evidence indicates that bioelectric currents are character- 
istic features of them, but extensive experimental investigation is 
necessary in order to determine whether these currents affect the 
neuroblasts in the manner suggested or in some other way, or 
whether they affect them at all. Asa beginning along this line it may 
be noted that Ingvar (’20) has recorded the determination of direc- 
tion of outgrowth of cells in tissue cultures, and Lund (’21 a) has 
determined polarity in pieces of hydroid stems by electric current, 
the apical ends being determined on the side toward the anode. 

We are accustomed to say that the reflex arc represents the func- 
tional unit in the nervous system. The conception of origin of the ner- 
vous system under consideration here amounts essentially to saying 
that the physiological gradient is the simplest, the most generalized, 
and the primary reflex are in the individual and so constitutes the 
physiological basis for the structural and functional development of 
all other arcs. 

It is perhaps necessary to point out that this conception of ner- 


1 Recently Kappers (’22) has criticized my hypothesis at length, but since it 
was intended as nothing more than a suggestion and since experimental data 
on which to base definite conclusions are lacking, discussion of these criticisms 
can be little more than an academic exercise and is quite unnecessary here. 
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vous origins does not in any way conflict with data or theories of 
heredity. Heredity is concerned with potentialities of develop- 
ment and differentiation, but here we are concerned with the realiza- 
tion of hereditary potentialities in the individual. Hereditary po- 
tentialities of nervous development and differentiation exist in most 
animal protoplasms, but for the development of an individual ner- 
vous system certain physiological conditions are necessary, and I 
have endeavored to show that those conditions arise primarily in 
certain non-specific relations between a living protoplasm and en- 
vironmental factors. When we say that the physiological gradient 
is the basis of the reflex arc we do not in any sense deny that each 
particular kind of protoplasm possesses hereditary potentialities 
which determine the characteristics that distinguish structurally 
and functionally the reflex arcs and the nervous systems of one spe- 
cies from that of another. We mean merely that for the realization 
in an individual of these hereditary potentialities of a specific pro- 
toplasm a physiological gradient is a primary and necessary factor. 


CONCLUSION 


There can be no doubt that a quantitative physiological gradient 
provides various possibilities for localization and differentiation 
and the experimental evidence indicates that changes in the gra- 
dient determine changes in localization and differentiation and that 
obliteration of the gradient obliterates, so far as can be determined, 
the axis which the gradient represents. If the physiological gra- 
dients were products or results of some underlying molecular or other 
structural polarity or symmetry we should not expect to find that 
obliteration of a gradient through differential susceptibility would 
obliterate the axis which it represents. As a matter of fact, however, 
we find that when a gradient is obliterated in early developmental 
stages localization and differentiation along that axis cease and we 
are not able to show that the axis is still present. These experimen- 
tal data obtained with widely different animals are highly signifi- 
cant as indicating that the gradient is itself the physiological basis 
of the axis, rather than a consequence or incident of some sort of 
molecular or other protoplasmic structure. 


CHAPTER IX 


THE ORIGIN OF THE PHYSIOLOGICAL GRADIENTS 


It was shown in the preceding chapter that the gradients and axes 
can be obliterated in organisms through the differential susceptibility 
of different levels. The question of their origin now arises. If polar- 
ity and symmetry are inherent in the molecular structure of proto- 
plasm, as many zodlogists still maintain, changes can be brought 
about only by the modification of that structure and we have to 
assume that the conditions which brought about the change have 
done it by altering molecular structure. Leaving out of account the 
fact that if polarity and symmetry in general are matters of molecular 
structure, we ought to find some indication of optical axes in proto- 
plasm, this hypothesis involves us in other difficulties, some of which 
are pointed out below. 

If, however, the physiological gradient itself is the basis of polarity 
and symmetry all the assumptions of molecular structure and change, 
in favor of which there is no actual evidence, become entirely un- 
necessary. From this viewpoint polarity and symmetry are pri- 
marily dynamic in character, and molar or regional, rather than 
molecular in magnitude. Admitting this, it evidently ought to be 
possible not only to obliterate old polarities and symmetries, but to 
determine new axes experimentally, by exposing the protoplasm 
to a differential in action of some external factor which will deter- 
mine in one way or another a physiological differential, 7. e., a physio- 
logical gradient. Moreover, since the physiological gradients are 
apparently primarily quantitative we do not need to employ specific 
factors to determine them. Any factor that will determine a more 
or less persistent quantitative differential in the protoplasm ought 
to be adequate. 

As a matter of fact we can determine physiological gradients and 
axes experimentally by differential exposure in many animal and 
plant protoplasms and in many other cases the data of observation 
indicate that in nature physiological axes very often arise in the same 
way, though it is evident that in some cases they persist from earlier 
individual or cell generations.! 

1 For earlier discussions of this question see Child, ’21a, Chap. III, also ’15¢, 
pp. 96-101, 132-4, 142-9. 
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DETERMINATION OF PHYSIOLOGICAL GRADIENTS BY LIGHT 


Light has long been recognized by the botanists as a factor of great 
importance in determining both polarity and symmetry in plants 
through its differential action on different parts or regions. The 
determination of polarity in the egg of Fucus through the action of 
light has already been noted (pp. 58-61, Figs. 16-18). The action 
of light in determining polarity is much the same in the spore of 
Equisetum (Stahl, 1883). Polarity may also be determined by light 
in the alga, Bryopsis (Winkler, 1900 a). In certain liverworts light 
determines dorsoventrality and in various alge the thallus is radi- 
ally symmetrical when illumination is equal on all sides and bilateral 
when it is unequal or unilateral. According to J enkinson (’09) light 
may play some part in determining bilaterality in the frog’s egg. 

It is important to note that in all these cases the molar regional dif- 
ferential in light action appears to be the important factor rather than 
any stereochemical or other orienting action upon the proto-plasmic 
molecules. Exact knowledge concerning the nature of light action is, 
however, lacking. The fact that a certain range of wave length toward 
the blue-violet end of the spectrum is significant in determination of 
polarity in Fucus (Hurd, ’19, ’20) suggests a chemical effect. 


DETERMINATION OF GRADIENTS BY ELECTRICITY 


Little is known as yet concerning electricity as a factor in de- 
termining axiation in animals. As already noted, Ingvar (’20) has 
observed the determination of apparent polarity in tissue culture by 
the electric current and Lund (21 a, c) has reported determination 
of polarity in pieces of hydroid stem by the same means. The sug- 
gestions advanced in the preceding chapter and elsewhere (Child, 
’21 a, Chap. XI) concerning the réle of bioelectric currents in deter- 
mining neuron polarity are as yet without experimental basis, though 
it seems difficult or impossible to account for the facts in any other 
way than through some sort of differential action of the bioelectric 
currents on the cells. [am inclined to believe that future investiga- 
tion will show that electric factors in the proper intensity and relation 
are highly effective in determining physiological gradients and so 
axiation. As regards the manner in which the electric current acts 
nothing definite is known, but, as suggested above (pp. 111-112), it 
seems to be possible to account for the facts by changes in electrical 
polarization of cells or cell masses and the effect of such change upon 


metabolic rate and physiological condition in general. 


it 
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DETERMINATION OF GRADIENTS BY GRAVITY 


Gravity as a possible factor in determining specific localization 
and differentiation has been considered in an earlier chapter (pp. 
54-55). Here we are concerned with its possible action in originating 
and establishing physiological gradients. In various plants radial 
and bilateral symmetry show essentially the same relation to gravity 
as in other cases to light. Such plants or parts are radially sym- 
metrical when their longitudinal axes coincide with the direction of 
gravity and dorsoventral when in other positions. It has been known, 
for example, that in pieces of stems of various plants in horizontal 
position, roots tend to appear on the lower and shoots on the upper 
side, and it has been experimentally demonstrated that the essential 
factor in such cases is gravity. Within recent years Loeb (17 a, b, 
’19, ’20 and other papers) has repeated many of the older experiments 
and added some further data, besides attempting an interpretation 
of the action of gravity in terms of transport of chemical substances, 
hormones, or formative substances. In these cases the action of 
gravity does not obliterate the preéxisting polarity but merely mod- 
ifies it to some extent. Thus far no case is known in which gravity 
determines polarity in the egg, the spore or the growing tip of the 
plant as light does in various cases. In general, gravity is far less 
important than light in determining axial relations and forms in 
plants. Loeb (792) has described the determination of polarity by 
gravity in an animal, the hydroid Antennularia. Up to the present 
this case remains unique. Morgan (’01 a) and Stevens (’02, ’10) 
have shown that gravity is certainly not essential in this case, since 
polarity may be determined by other factors. 

As regards the way in which gravity produces its effects we are 
even more in the dark than as regards the action of light and elec- 
tricity. Transport of specific substances has often been postulated 
since Sachs, and Loeb in his recent papers (’17 a, b, 719, ’20) attempted 
to interpret the facts in essentially these terms. This transportative 
conception fails, however, to account satisfactorily for many facts 
and interpretation must apparently be sought along other lines. It 
is perhaps permissible to call attention to a suggestion recently cited 
by Harvey (20, p. 367) from a personal communication of R. S. 
Lillie. This suggestion is essentially that the distribution of sap 
by gravity may determine differences in electrical conductivity, and 
so differences in bioelectric currents in different regions. It seems 
probable at any rate that the action of gravity will prove to be 
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primarily quantitative rather than specific as regards different re- 
gions of the plants. As regards polarity its action is not fundamen- 
tally different from that of light, which is apparently primarily 
quantitative. In other words, the action of gravity in determining 
polarity or symmetry, so far as such action occurs, is probably essen- 
tially like that of other external factors, a determination in some 
way of a quantitative gradient in physiological condition. 


NEW GRADIENTS IN REGULATORY DEVELOPMENT AND AGAMIC 
REPRODUCTION 


The appearance of new axes in many cases of regulatory develop- 
ment is very evidently associated with differential action of an 
external factor, even though the factor of the environmental 
complex which is chiefly or primarily concerned has not been de- 
termined. 

New gradients determined by differential exposure. — Pieces 10 
mm. or more in length from the stem of the hydroid Tubularia (Fig. 
91) usually develop a hydranth first at the apical, and slightly later 
at the basal end (Fig. 92) when both ends are equally exposed. That 
the new polarity at the basal end is determined by the action of some 
external factor is clearly shown by two facts: first, it was not origi- 
nally present, and second, if the basal end is closed by wax, paraffin, 
ete., or even buried in the sand, the new polarity fails to develop. 
In general, the shorter the piece of stem isolated the less clearly does 
the original polarity appear and the more rapidly do new polarities 
arise in response to external differentials. As I have pointed out 
elswhere (Child, 15 c, pp. 96-102) this general disappearance of the 
original polarity with decrease in length of the piece is to be expected 
if polarity is a physiological gradient, because the shorter the piece 
the more nearly are its two ends physiologically alike. But if polarity 
is a molecular phenomenon it is difficult to account for its disappear- 
ance with decreasing length of piece. Such short pieces of the stems 
of Tubularia, Corymorpha, and various other hydroids may give 
rise to single (Figs. 93, 94) or to biaxial forms (Figs. 95-98), according 
as a single or a double gradient is determined. In the biaxial forms 
one of the axes is obviously new and determined in relation to the 
cut surface at that end. In general, the shorter the piece the more 
frequent biaxiality, and this fact shows very clearly that as the length 
of piece decreases the external factor becomes more effective than 
the original polarity. 

Similar biaxial forms appear in short pieces of planarians (Figs. 
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99-101) and it is possible to increase their frequency experimentally 
by partially obliterating the original gradient by means of anesthetics 
or other inhibiting agents at the time of, and for a certain period after 
section (Child, ’15 c, p. 149). In all these and in many other cases 
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Fies. 91-98.—Reconstitution in Tubularia: Fig. 91, young, unbranched individual; 
Fig. 92, usual result of reconstitution in a long piece of stem with origin of a new 
gradient at aboral (lower) end; Figs. 93, 94, single apical structures from short pieces; 
Figs. 95-98, biaxial apical structures from short pieces (from Child, ’15 c). 


the direct exposure to the medium of the cells at the cut ends, per- 
mitting a more rapid respiratory exchange than in other regions 
where the body wall is intact, and the growth and cell division follow- 
ing the wound are undoubtedly factors in establishing the new axes. 
These new axes are in all cases represented by physiological gradients 
and these gradients apparently result simply from the gradation 
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in exposure and its effects from the cut surface inward. Hypotheses 
of reversal in orientation of cells or molecules are quite superfluous, 
and there is no reason to believe that exposure at a cut surface can 
bring about such changes. 

Differential exposure after experimental obliteration of original 
gradients. — In Corymorpha, a hydroid much like Tubularia, except 
that most of the stem is naked, the original polarity of stem pieces 
(Figs. 102-105) or even single or double hydranths (Figs. 106-109) 
can be obliterated through differential inhibition with various agents 
and then on removal of the inhibiting agent a new polarity arises, 
determined by the differential between the free surface and that in 
contact (Figs. 104, 105, 108, 109). Since the new polarity is indicated 
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Fics. 99-101.—Biaxial heads from short pieces of Planaria: Figs. 99, 100, P. doro- 
tocephala, Fig. 101, P. simplicissima (from Child, ’21 a). 


by a gradient involving differences in rate of respiration, the rate 
being highest on the free surface, it seems probable that the gradient 
is not some peculiar reaction to contact and its absence, but rather 
a matter of the difference in oxygen supply and perhaps in rate of 
CO, removal between free and attached surfaces. Similarly in the 
development of sponges from dissociated cells (H. V. Wilson, ’07, 
11 a) the polarity of the new individual is evidently determined by 
the differential between the free surface and the surface in contact 
with the substratum. 

Determination of new gradients by localization of growth. — 
The case of the sea-anemone Harenactis, in which it is possible to lo- 
calize new axes by means of injury and the resulting growth (Child, 
109,10 b, 715 c, pp. 146-9), requires mention here. When short cy- 
lindrical pieces are cut from the body of this animal as indicated in 
Fig. 110, a, 6) and most of the mesenteries removed from inside them, 
they close, as indicated in Figure 111, so that apical and basal cut sur- 
faces of the body wall unite about the whole circumference and more 
or less new tissue arises along the line of union. This method of closure 
gives rise to “ rings” or doughnut-shaped forms and the line of union 
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usually comes to lie somewhere on the outer surface in consequence of 
a peculiar revolution of the ring upon itself, like the movement in a 
vortex ring, presumably an attempt at orientation. From both sides 
of the line of union tentacles and tentacle-groups arise, some bilateral, 
others radial and still others asymmetric (Figs. 112, 113). The ten- 
tacle-groups tend to appear in regions where the two cut surfaces did 
not fit closely together and where consequently considerable growth 
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Fias. 102-109.—Experimental determination of new polarity in pieces of stem of 
Corymorpha: Fig. 102, a piece of stem after isolation; Fig. 103, reduction and “melting 
down” in dilute alcohol; Fig. 104, appearance of new hydranth on upper side of mass 
after return to sea water. This polarity is at right angles to original axis; Fig. 105, 
later stage of new individual, with dotted lines indicating earlier outline of piece as 
preserved by thin perisarcal secretion; Fig. 106, a short piece which has developed 
biaxial hydranths and is therefore bipolar; Fig. 107, reduction of biaxial piece in dilute 
alcohol involving disintegration of tentacles and dedifferentiation of hydranth bodies; 
Fig. 108, appearance of new hydranth on upper surface of piece after return to water, 
the new polarity being at right angles to the former bipolar axes; Fig. 109, later stage 
of new individual, with dotted lines indicating earlier outline of piece as preserved by 
perisarcal secretion (from Child, ’15 ¢). 


of new tissue occurs, giving rise both to body wall and mesenteries. 
Where the cut edges were closely apposed and little new growth has 
occurred, few or no tentacles arise. These facts led to the experi- 
ment of injuring locally a portion of the cut body wall by repeated 
snipping and complete removal of mesenteries. Such regions were 
found to give rise to larger and more nearly normal groups of tenta- 
cles than regions where less growth occurred. Figure 114 shows a case 
in which a normal axis arose from such an injured region. In this 
case the new axial gradient originates in the gradation in rate of 
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metabolism, growth, etc., which has its high region in the area of injury 
and greatest development of new tissue. That the kind of symmetry 
which arises may differ widely in different cases according to the shape 
and extent of the regions of more active growth is indicated by the 
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Figs. 110-114.—Localization of new axis in sea anemone, Harenactis, by localized 
injury and growth: Fig. 110, outline of animal indicating pieces, a, b, used; Fig. 111, 
closure of pieces, oral end uniting with aboral end about whole circumference to form a 
“ring’’; Figs. 112, 113, Tentacle groups developing along the line of union of oral and 
aboral cut ends in such rings; Fig. 114, a new normal axis localized by localized injury 
with resulting growth in a certain region of circumference. 


various symmetries of the tentacle-groups in Figures 112 and 113. In 
connection with this case of the localization of a new axis by deter- 
mination of more rapid growth through local injury, a statement of 
Harrison’s concerning the amphibian leg primordium is of interest. 
He says: ‘The limb rudiment may be thus regarded, not as a definite 
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circumscribed area like a stone in a mosaic, but as a center of differ- 
entiation in which the intensity of the process diminishes as the dis- 
tance from the center increases, until it passes away into an indifferent 
region. Many other systems, such as the nose, ear, hypophysis, gills, 
seem to have the same indefinite boundaries, which may even over- 
lap each other” (Harrison, ’18, p. 456). It is perfectly clear from this 
statement that Harrison regards the primordia of these various organs 
as physiological gradients in a more or less specialized cellular region of 
the embryo, though he does not believe that such gradients are the 
fundamental factors of physiological axes. In a more recent paper 
(Harrison, ’21) he postulates a molecular symmetry and asymmetry 
as a basis for the symmetry relations in the amphibian leg (see pp. 
126-128). 

Adventitious buds. — There are many other cases in which a new 
axial gradient arises as the physiological gradient from a localized 





Fias. 115, 116.—Origin of adventitious buds from epidermal cells of Begonia leaf: 
Fig. 115, surface view; Fig. 116, vertical section (from Regel, ’76). The shading in- 
dicates gradient in protoplasmic structure from uniformly granular, deeply staining 
cytoplasm in more deeply shaded cells, to more or less vacuolated, less deeply staining 
cytoplasm in less deeply shaded and unshaded cells. 


region of growth to adjoining regions. The formation of adventitious 
buds in plants is a case of this kind. In Begonia, for example, buds 
arise from the specialized epidermal cells of the isolated leaf, or in 
some cases without isolation (Regel, ’76). In these buds the new 
gradient is directly visible as a gradient in cell size and rate of division 
and protoplasmic content (Figs. 115, 116). New axes appear in the 
same way in many other plants. While certain regions of the leaf 
or other parts usually show more or less predisposition to adventi- 
tious bud-formation as compared with others, the localization of each 
individual bud in a particular epidermal cell or cell group must be 
due to a slight fortuitous difference between this cell or cell group and 
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others about it. Such difference determines that this cell or group 
shall react more quickly than those about it to the altered conditions 
and this reaction originates the new gradient and the new plant axis. 
When we say that the difference is fortuitous, we mean merely that 
we do not know the particular factors concerned in determining it. 
Some definite factor or group of factors is of course concerned in each 
case. Moreover, whenever a gradient originates in response to such 
action, the specific constitution of the protoplasm at once becomes a 
factor in determining its further development. 

Similar processes of “adventitious” budding are of frequent occur- 
rence in animals, particularly in regulatory development. In short 
pieces of the naked stem of the hydroid, Corymorpha, the cut ends 
close rapidly and since there is no perisare there is no such differential 
exposure as in pieces of Tubularia, but all parts of the surface are 
exposed alike, unless in contact with the substratum. Such pieces 
may give rise to single or to biaxial forms like those of Tubularza 
(See Figs. 93-98) but they often give rise to three or even more axes 
or partial axes (Figs. 117-121). In such cases, at least one or more 
of the axes must be adventitious in origin. The buds in these cases 
represent only the apical regions of individuals but they are of 
course none the less new axes and must be localized by slight regional 
differences in cells or cell groups. 

Cases like Figures 119-121 show remarkable combinations of 
extreme apical and extreme basal structures without any intermediate 
stem region. The basal structure usually appears on that side of the 
piece in contact with the bottom of the dish, the apical structures at 
the two cut ends, or if the piece rests on one cut end, this end de- 
velops basal structures and the other apical structures. In very short 
pieces this determination of polarity in relation to the substratum and 
the differential exposure of the pieces may be quite independent of 
the original polarity (Child, 123. Cs 

Adventitious gradients in embryonic development.—In the em- 
bryonic development of the hydrozoa the development of new adventi- 
tious axes is readily induced. The normal course of development 
has already been briefly described (p. 63). When early development 
occurs under a certain range of inhibiting conditions, e. g., low con- 
centrations of KCN, HCl, or even COs, the blastulee remain spherical, 
are apparently apolar (p. 82), and in the higher non-lethal concen- 
trations may fail to develop further, even though they remain alive 
for weeks. With a less extreme degree of inhibition, or if they accli- 
mate to a sufficient degree, they may give rise to new axes, but under 
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Figs. 117-121.—Miultiple adventitious polarities in reconstitution of short pieces of 
Corymorpha stem: Fig. 117, 1/16 piece from 125 mm. stem, three manubria with distal 
tentacles, no stem; Fig. 118, 1/16 piece from 125 mm. stem, biaxial, one axis with two 
manubria and one set proximal tentacles, other axis with one manubrium; Fig. 119, 
1/8 piece from 80 mm. stem, four manubria with distal tentacles and two basal ends; 
Fig. 120, 1/33 piece from 109 mm. stem, four manubria with distal tentacles, one set of 
proximal tentacles and one basal end; Fig. 121, 1/23 piece from 120 mm. stem, six 
manubria with distal tentacles, only one with both distal and proximal tentacles, a 
second incomplete set of proximal tentacles below the manubrial complex, one basal 
region. 


such conditions the axes are stolons not stems,! and very commonly 
not merely one but two or more appear, and in all possible relations 
to each other (Figs. 122-126). Here again, with the partial or com- 


1 The less specialized hydroid stolon characteristic of this and various other 
species is a slightly inhibited gradient. Stems can be transformed into stolons 
by a certain degree of inhibition or depression and transformed back again by 
removing the inhibiting factor and the embryonic development of stems or sto- 
lons can be experimentally controlled in the same way (Child, ’23 b). 
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plete obliteration of the original axis new adventitious axes appear. 
Under good environmental conditions, 7. e., after removal of the inhib- 
iting agent, all of these new axes may transform into hydranth-bearing 
stems. 

Partial or even complete adventitious reduplication of axes is not 
infrequent in embryonic development, and differences, obviously 
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i iti ities in inhibited embryonic develop- 
Figs. 122-126.—Multiple adventitious polarities in inhibite 
ment of hydrozoan, Phialidium: Figs. 122, 123, development in HCl, m/5000, in the one 
case four, in the other three stolon axes; Figs. 124-126, development under conditions 
of crowding and excess of CO2, the first with three, the second and third with two 
stolon axes. In all figures the outer heavier outline indicates perisare, the inner 
lighter line, surface of coenosare. 


fortuitous, and differing in different embryos, may be concerned in 
localizing the new axes. Many other cases of partial or complete em- 
bryonic reduplication may be called adventitious, which means only 
that the conditions determining the new gradients and axes are not 
uniform and constant in all cases, but differ without definite order in 
different cases, 7. €., are fortuitous. 
In all cases these adventitious axes are represented by physio- 
logical gradients and it is evident that the gradients are not pre- 
determined but are reactions to local conditions. These duplications, 
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particularly the partial duplications and partial multiplications such 
as seen in Corymorpha (Figs. 117-121) are not readily accounted for 
in terms of inherent molecular or other structural polarity, but they 
present no difficulties to the conception of polarity as fundamentally 
a dynamic gradient of organismic magnitude. 

Dichotomy, twinning and related processes.— Discussion of this 
group of phenomena is postponed to the following chapter and it 
need only be noted here that dichotomy and twinning from a single 
egg consist fundamentally of equal division of a dominant region, or 
of the replacement of a single dominant region by two of equal rank. 
The localization of the new axis may be determined by conditions 
resulting from differential growth in relation to the original gradients, 
or by conditions in the environment of the dominant region. 

The regulatory reduplication of appendages. — The regulatory 
reduplications of appendages particularly in arthropods and am- 
phibia’ afford interesting examples, both of the appearance of 
new axes — in this case appendage axes or partial axes — and of pe- 
culiar axial relations of the reduplicated parts with respect to each 
other. Considering briefly the case of the amphibian appendages, 
Harrison’s experiments on transplantation of limb-buds show that 
in these transplanted buds the antero-posterior pattern is predeter- 
mined at the time of transplantation and not altered by the change 
in position. The dorsoventrality of the leg, however, is not pre- 
determined, but is determined after transplantation by relation to 
the organismic environment. Expressed in terms of physiological 
gradients this means that the primary and most strongly marked 
axial gradient, the antero-posterior gradient, has already determined 
a persistent physiological differential in the limb-bud, while the less 
strongly marked dorsoventral gradient has not yet determined a 
persistent differential. Further experiment may show the possibility 
of influencing through position on the body both dorsoventral and 
antero-posterior relations in the limb-bud (see Wilhelmi, ’22). 

The most interesting features of these transplanted limb-buds are 
the development of supernumerary limbs by the origin of new limb 
axes through division or budding of the original axes and the asym- 
metry relations of the limbs thus formed. One or two supernum- 
erary limbs may arise so that the limb-complex may consist of two 
or three limbs. Harrison’s statement of the axial] relations of such 
appendages to each other is as follows: (1) The long axes of duplex 


See Bateson, ’94, Harrison, ’21, Przibram, ’21, and references given by these 
authors. 
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or multiplex appendages lie in one plane. (2) Two adjacent mem- 
bers form in structure and position the image of each other, as re- 
flected from a plane mirror bisecting the angle between the respec- 
tive axes and perpendicular to the common plane of the two axes 
(Figs. 127, 128). Since the supernumerary limbs are usually of later 
origin than the original bud it is evident that their asymmetry is 
determined in some way in relation to that of the original bud. The 
asymmetry of the amphibian leg expresses itself in regional differ- 
ences in rate of metabolism and growth and the axial form of the 
leg is the result of such differences. On the basis of Harrison’s stereo- 
chemical hypothesis of symmetry and asymmetry the origin of these 
regional differences remains obscure; as yet we know nothing of the 
physiology of this particular process of reduplication except that it 
is associated in some way with the disturbances brought about by 
the experiment. Undoubtedly the limb-bud is more or less inhibited 
for the time being, particularly when grafted into a bodily environ- 
ment differing from the normal. Under these conditions it must be 
less effective than the bud zn sitw in dominating the surrounding 
region, and physiological isolation with the appearance of new buds 
may occur, as is probably the case in various other processes of 
reduplication. 

The asymmetry of the supernumerary limb or limbs is obviously 
determined in some way in relation to that of the primary limb, but 
until we have more complete knowledge of the processes of reduplica- 
tion only suggestion is possible. There can be no doubt that differ- 
ences in electric potential are associated with the regional differ- 
ences in cellular activity, rate of growth, etc., which constitute the 
more obvious indications of the asymmetry of the limb. If bio- 
electric currents of any appreciable strength result from these differ- 
ences, such currents may be important or even fundamental factors 
in determining the relations of the limbs to each other. And in the 
same way the bioelectric factors associated with the axes of the body 
on which the limb-bud is grafted may influence its axial relations, 
at least as regards dorsoventrality. 

Recently Przibram (’21) has considered at length a great va- 
riety of reduplications of parts in animals and has attempted to 
interpret their axial relations in terms of a hypothetical space lat- 
tice. Such interpretation is purely speculative, absolutely no evi- 
dence being presented for the existence of such a space lattice in 
any case. It seems probable that future experimental investiga- 
tion will provide a basis for a much simpler physiological interpre- 
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Fies. 127, 128.—Diagrams of reduplicated amphibian legs, showing symmetry rela- 
tions: (PR), primary leg; (P DU), posterior reduplication; (A DU), anterior reduplica- 
tion; (M, M2), planes of symmetry, ‘‘mirror planes,’’ between the two reduplications 
and the primary leg; (M;) is radial (R) since the radial borders of the two legs, (PR) 
and (P DU), which are symmetrical with respect to it face each other; (M2) is ulnar 
(U) since the ulnar borders of the two legs, (PR) and (A DU), face each other; (D), 


dorsal surface; (P), palmar surface. In the sectional diagram, Fig. 128A the mirror 


planes are radial (M;) and ulnar (M2). In Fig. 128B the mirror planes are radiodor- 
sal (M,) and ulno-palmar (M2). (From Harrison, ’21.) 
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tation of the various phenomena of regulatory reduplication than 
the speculations concerning, a space lattice offered by Przibram. Even 
if the space lattice is present it is by no means clear how it can 


determine physiological polarity and symmetry and their modifi- 
cations as we find them. 


THE ORIGIN OF THE GRADIENTS IN EGGS 


The determination of polarity by light in the eggs of certain al- 
gee has already been mentioned (pp. 58-61). In most other plants 
the polarity of the egg and embryo shows in general a very definite 
relation to its organismic environment, though practically nothing 
is known concerning the determining factors in particular cases. 

In many animals a relation exists between the polarity of the egg 
and its ovarian environment in the gonad. For example in Chetop- 
terus (F. R. Lillie, 06), Sternaspis (Figs. 63, 66, pp. 98-9) and various 
other invertebrates in which the growing ovarian egg is attached to 
the parent body by one portion of its periphery, the apical pole 
arises on the exposed free surface, the basal pole at or near the re- 
gion of attachment and the physiological gradient corresponding to 
this polarity appears. It seems reasonable to believe that the po- 
larity of such eggs is determined by the differential in the ovarian 
environment. The nutritive substances which give rise to yolk 
probably, in some cases certainly (Fig. 63), enter the egg chiefly at 
the attached pole, while respiratory exchange must occur most 
readily through the free surface or some part of it. In the bydro- 
medusa Phialidium the egg axis is apparently determined by a 
similar differential, the egg region most exposed to the sea water 
becoming apical, the opposite end basal (Child, ’21 a, p. 54, Fig. 1). 
Such differentials provide conditions for the origin of an axial gra- 
dient as a physiological reaction of the egg cell to its environment. 

According to Boveri (’01 a, b) the attached pole of the sea urchin 
egg cell becomes apical, the free pole basal, but Jenkinson (’11) main- 
tains that, the attached pole becomes basal, the free pole apical. In 
the absence of definite knowledge any discussion of possible factors 
is useless. In some of the higher animals, also, the attached pole of 
the egg apparently becomes the apical pole, perhaps because in these 
forms the presence of a circulatory system or of impermeable egg 
membranes determines a more rapid respiratory exchange through 
the attached region than elsewhere. And finally, it is possible that 
in some eggs the gradient persists from earlier cell generations and so 
is inherited, as in many cases of fission. Such inheritance is, of 
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course, not Lamarckian but represents merely the persistence through 
cell division of a regional cytoplasmic differential. 

Concerning the origin of symmetry in eggs and embryos, we know 
even less than concerning the origin of polarity. In the frog the point 
of entrance or direction of movement of the spermatozoon is com- 
monly believed to be a factor in determining bilaterality (Roux, ’85. 
’87, ’95, Bd. II), but Jenkinson (’07, ’09) maintains that various 
other factors may also be concerned. Brachet (’11) finds, however, 
that in eggs induced to develop parthenogenetically by puncture 
there is no relation between bilaterality and the meridian of puncture, 
and concludes from this fact that the egg possesses a primary bilat- 
eral symmetry which is labile and subject to alteration by entrance 
of the spermatozoén. Whatever its origin may be, the regional 
symmetry differential is physiologically distinguishable in a quan- 
titative way in early developmental stages (Bellamy, ’19). In the 
echinoderms there is no definite evidence of bilaterality until after 
development has begun, but it is distinguishable physiologically as a 
gradation before it is distinguishable structurally (Child, ’16 a, Jen- 
kinson, ’11). In the annelids and mollusks bilaterality is both mor- 
phologically and physiologically distinguishable in the first cleavage 
and in many insects it is indicated even before fertilization by the 
shape of the egg. 

As regards the origin of bilateral symmetry in eggs and embryos 
various possibilities exist. It may in some cases be determined by 
ovarian conditions, in others by conditions connected with matura- 
tion or fertilization, in still others by conditions arising later in de- 
velopment. It is also possible that in some cases bilaterality, like 
polarity, may persist from earlier cell generations and so be inherited 
by the individual, but this again is not Lamarckian inheritance. 
According to Bartelmez (’12), for example, bilaterality is distinguish- 
able in very early ovarian stages of the pigeon’s egg and is presum- 
ably hereditary. 

It is probable that the theories of polarity and symmetry most 
widely current are responsible in part for the state of our knowledge 
concerning the origin of polarity and symmetry in embryonic devel- 
opment. As long as these characteristics of organisms are regarded 
as matters of molecular structure and orientation, the problem of 
their origin is in the same category as other problems of molecular 
structure and orientation. Experimental possibilities are limited to 
the modification of polarity and symmetry by modification of molec- 
ular structure and orientation, and since we are far from any definite 
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knowledge of the molecular structure concerned or of its changes, the 
whole matter has only a speculative interest. Actually, however, 
there is no real evidence in support of these theories of polarity and 
symmetry and a good deal against them. They are essentially spec- 
ulative hypotheses which have been advanced, chiefly by morpholo- 
gists, in the absence of experimental physiological data. When we 
take the facts as they stand, viz., that polarity and symmetry appear 
primarily as non-specific molar or regional physiological differences 
which can be determined, altered or obliterated by non-specific en- 
vironmental action, and that we cannot find, by the methods of optics 
or otherwise, any positive indication of a molecular or static polarity 
or symmetry in protoplasm, it is evident at least that such hypotheses 
have no adequate basis at present. As a matter of fact, the concep- 
tion of the physiological gradient as the primary factor in polarity 
and symmetry is the only theory which is based on actual evidence 
from experiment. 


THE ORIGIN OF SURFACE-INTERIOR PATTERN 


In an earlier chapter (pp. 57-61) it was noted that surface-interior 
pattern represents a more generalized relation to environment than 
axiate pattern. In this pattern the only fixed differential is between 
surface and interior, consequently the relation to environment and 
the behavior of surface-interior organisms are less specialized than 
in axiate organisms. So far as different regions of the surface are 
concerned, the surface-interior organism possesses the highest degree 
of versatility, 7. e., any reaction may be performed by any region, 
the environmental factors determining which region shall react in a 
particular case. 

While it is probable that some cells and perhaps many microdrgan- 
isms possess only surface-interior pattern, at least during some 
stages of their life history, we find surface-interior, together with ax- 
iate pattern in most forms. Surface-interior pattern does not dis- 
appear when axiate pattern arises, but exists in all organisms. Every 
exposed surface, every epithelium, every cell, whether in contact with 
inorganic environment or with other cells, possesses a surface-interior 
pattern. In epithelial cells this pattern usually appears as an axis in 
relation to the surface-interior differential (see Figs. 61, 62), 7. e., the 
pattern is axiate as regards the cell, but surface-interior as regards 
the epithelium as a whole. 

That this kind of pattern is directly related in some way to a dif- 
ferential of some sort between surface and interior or between a more 
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exterior and a more interior region, cannot be doubted. We often 
see the pattern in its simpler forms appear as the direct consequence 
of exposure of protoplasm. Except in the more highly specialized 
protozoa in which the ectoplasm has attained a more or less definite 
morphological form, isolated pieces of cells usually become more or 
less spherical in form and if they contain nuclei, behave in all respects 
like whole cells. It is a familiar fact that the differences between 
ectoplasm and entoplasm in Ameba are determined by difference of 
exposure. Regions exposed to the external environment acquire the 
structure and behavior of ectoplasm and ectoplasm carried to the in- 
terior acquires the structure and behavior of entoplasm. Plasmolyzed 
or otherwise isolated portions of plant cells containing nuclei secrete 
cellulose over the exposed surface. In some forms of cell division 
morphological cell membranes or boundaries, ‘“cell-plates,” appear 
in the cytoplasm without any relation to exposure to non-protoplasmic 
environment. Such cases do not conflict in any way with the views 
advanced here. No one doubts that the localization and development 
of the cell plate or membrane is determined by certain physico-chem- 
ical factors associated with nuclei or cytoplasmic regions or both. In 
short the environment in such cases is intra-protoplasmic or inter- 
cellular. 

Multicellular masses develop, at least superficially, some degree 
of epithelial pattern and arrangement, when brought into a definite 
differential to environment, whether intra- or extra-organismic. 
Early developmental stages of animals usually show this epithelial 
pattern in some form (Fig. 45) and in later stages it appears on both 
external and internal surfaces (Fig. 46). In plants also cell layers 
differentially exposed show a surface-interior pattern related to the 
differential exposure. 

Most of us do not hesitate to conclude that in each individual case 
of surface-interior pattern the differential exposure is a factor di- 
rectly concerned. The particular kind of surface-interior pattern 
which develops in any given case is of course determined first of all 
by the hereditary constitution of the protoplasm, but differential ex- 
posure is necessary in each case for the appearance or realization of 
the pattern. The réle which we assign to the environmental factor 
in these cases differs of course according to our conception of organ- 
ismic pattern, but it seems evident that surface-interior pattern does 
not arise de novo, independently of environmental factors. 

The question whether the cell originated as a surface-interior pat- 
tern has been touched upon elsewhere (Child, ’ 21 a, pp. 23, 60-62). 
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According to this conception, the localization and differentiation of 
the nucleus as a definite organ has been determined by conditions 
characteristic of the interior of a mass of protoplasm. Such a con- 
ception of nuclear origin does not conflict in any way with the rdle 
assigned to the nucleus in inheritance. The persistence of the nucleus 
from one cell generation to another merely means that the pattern 
which has been established is persistent or hereditary. Nevertheless, 
the growth of nuclear substance, even now is apparently possible only 
in the interior of a mass of protoplasm. In the case of the sperma- 
tozoén for example, life is narrowly limited (Cohn, ’18) and the intake 
of nutrition and synthesis of new nuclear substance apparently does 
not occur unless the sperm head reaches the interior of a mass of pro- 
toplasm. The change in form of the sperm head induced by Loeb and 
Bancroft (’12) outside the egg cytoplasm seems to be largely or wholly 
a matter of imbibition and swelling and there is no evidence that any 
synthesis of new protoplasm occurs. These and various other facts 
indicate very clearly that in the persistence and growth of nuclear 
substance in cells environmental factors, 7. e., ‘interior’ conditions, 
as well as hereditary constitution, are concerned. 


THE ORIGIN OF NEW GRADIENTS IN RELATION TO HEREDITY 


Taking the data of experiment and observation as they stand, po- 
larity and symmetry appear primarily as physiological gradients. 
When the gradients are obliterated, polarity and symmetry disappear 
and when new gradients are determined by the differential action of 
environmental factors, new polarities or symmetries, or both, appear. 
In many cases gradients once established persist through agamic repro- 
duction and perhaps also through gametic reproduction and so are in- 
herited by the new individuals, but the only logical conclusion in the 
light of all the facts seems to be that even in such cases the gradients in 
the first instance must arise through differential action of external fac- 
tors. And finally, if we accept the conclusions of the geneticists and 
cytologists, the mechanism of heredity does not afford any basis for 
such regional molar differences as the physiological gradients. To 
refer again to Morgan’s statement: “Bach cell inherits the whole germ 
plasm” (Morgan, 19, p. 241): granting that this statement is correct, 
it is evident that the factors which determine that different cells be- 
have differently in development cannot be sought in the germ plasm 
alone, but must consist in some external differential which brings 
about the realization of certain of the hereditary potentialities in one 
cell or cell group and others in other cells or groups. In his earlier 
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statement Morgan suggests the existence of regional cytoplasmic dif- 
ferences, but makes no attempt to account for the origin of such dif- 
ferences (see pp. 22-23). The physiological gradients, originating 
in external differentials provide an adequate physiological basis for 
such differences, and if we accept Morgan’s statements, the differ- 
ences must arise in the final analysis in relation to environmental fac- 
tors. The hereditary constitution of each protoplasm reacting to the 
external differential gives first the physiological gradient and then, 
on the basis of this, development and differentiation. 

In fact not only the data of experiment and observation in the field 
of developmental physiology, but current theories of heredity force 
us to the same conclusion, viz., that environmental factors are con- 
cerned in determining the order and the “wholeness” which consti- 
tute the individual. The hereditary potentialities may be in large 
measure or in many cases wholly independent of each other, as the 
particulate theory of heredity maintains, but the individual, in each 
cell of which only certain of the potentialities inherent in it are real- 
ized in development, is none the less physiologically a whole. There 
is in fact no conflict between the particulate conception of heredity 
and the conception of the organism as a whole, unless we attempt to 
derive the wholeness from the particulate character of the hereditary 
potentialities. Such an attempt can lead only to the dilemma in 
which Morgan apparently finds himself (Morgan, "19, pp. 241-246). 
In the light of present biological knowledge the only possible conclu- 
sion seems to be that the individual organism represents in each case 
the behavior of the hereditary potentalities of the “germ plasm”? in 
relation to certain environmental factors. 

Even this conception, however, does not involve the conclusion that 
heredity has nothing to do with the origin and development of new 
gradients. In the first place, the hereditary potentialities of excita- 
tion and reaction must be present, and since particular protoplasms 
are so constituted that they are more sensitive to certain environmen- 
tal factors than to others, the gradients of polarity and symmetry 
may be determined by different factors in different protoplasms. 

Again, the hereditary mechanisms may play a part in determining 
the particular factors to which the reproductive element is exposed. 
Admitting for the sake of argument that the differential exposure of 
ovarian. eggs of various species determines their polarity (see pp. 98- 
100), it is evident that the complex of metabolic, morphological and 
physiological conditions which lead up to and determine the dif- 
ferential exposure and the factors to which the egg is exposed, 
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depend primarily upon the hereditary potentialities of the protoplasm 
from which the parent body, including the ovary, develops. 

In still another way heredity is unquestionably concerned in the 
origin of new gradients in protoplasms. The differential action of the 
external factor merely initiates the physiological gradient. The final 
results depend upon the hereditary constitution. Some protoplasms, 
e. g., Ameba, are incapable of maintaining for any great length of 
time the differential externally determined. In many other proto- 
plasms, when once established it persists throughout life or even 
through reproduction. Moreover, the development of the gradient 
beyond a certain stage is undoubtedly rather a matter of protoplas- 
mic constitution than of the external factor. When the action of the 
external factor has once determined a certain degree of metabolic and 
structural differential, we see that in most protoplasms the gradient 
may persist and determine a definite course of development and dif- 
ferentiation quite independently of further differential action of the 
external factor. In the alga Fucus, as we have seen, only a few hours’ 
exposure to light of a certain intensity is necessary to determine a 
gradient which becomes the axis of the plant and plays a large part in 
determining its form and the relations of its parts. In short, hered- 
ity is a factor in determining the special characteristics of each phys- 
iological gradient in each particular species, such, for example, as its 
length at each stage of development, its slope or steepness, 7. e., the 
curve of each of its component factors, oxidation, colloid dispersion, 
water-content, etc. It follows, of course, that heredity is concerned 
in processes of budding, fission, etc., although the gradient is the phys- 
iological factor directly concerned in determining the localization of 
the bud and the time of its appearance, and even though each new 
jud develops a new polarity, as in axiate plants, hydroids, ete. 

This relation between heredity and the physiological gradients has 
always been regarded as a fundamental, though self-evident aspect of 
the gradient conception and it has been something of a surprise to 
find critics of the conception apparently believing that it was an at- 
tempt to interpret, not only individual development, but the differ- 
ences between different species in terms of differences in metabolic 
rate. ; : 

The only question which remains for consideration in this connec- 
tion is whether protoplasm can autonomously give rise to a gradient 
and so autonomously determine its own polarity or symmetry or both. 
Is an autonomous molar or regional segregation or stratification of 
substances possible in such a way as to give rise to the graded quanti- 
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tative differences characteristic of physiological axes? In various 
publications Morgan has postulated a stratification of materials as a 
feature of polarity (e. g., Morgan, ’07, Chap. XVII), but though he 
has suggested that such stratification results in some way from ten- 
sion, it is not entirely clear whether he regards polarity as primarily 
autonomous or as originating under the influence of external factors. 
Loeb (’16 b) seems at times to regard a regional segregation of mate- 
rials as occurring autonomously, though he also conceives it as occur- 
ring under the influence of external factors such as gravity. 

It has been stated by various authors that the visible structure of 
animal eggs altered by centrifuging shows more or less tendency to 
return to normal (e. g., Gurwitsch, ’05, Conklin, 10). This might per- 
haps be regarded as indicating a capacity for autonomous stratifica- 
tion or arrangement, but the fact that centrifuging does not alter the 
polarity of the egg (Lillie, 08, Conklin, ’10) indicates that a differ- 
ential of some sort still exists in the original axis, and this differential, 
whether it be represented by an elastic structure as Conklin has sug- 
gested, or by a physiological gradient, is undoubtedly the factor 
which determines the restoration of the normal visible structure. In 
any case the granules which are displaced by centrifuging are not 
essential factors in polarity, for that may persist unchanged, whatever 
their location. It may be said that at present there is no evidence 
to indicate that a regional stratification of materials, a physiological 
gradient or any sort of physiological polarity or symmetry of organ- 
ismic magnitude can originate autonomously in protoplasm. The 
protoplasm of an axiate organism, such as the hydroid, from which 
polarity and symmetry have been experimentally obliterated, may 
remain alive for a long time without showing any indication of a 
reappearance of polarity or symmetry (pp. 83, 123). In such cases 
the hereditary potentiality of axiate organization is still present, for 
if we expose the apolar mass to a new external differential, a new po- 
larity, a new physiological gradient, arises and development once 
more goes on. 

In every such case, and, I believe, in all cases, the external differential 
determines that an actual physiological gradient shall arise, but the 
specific constitution of the protoplasm, in other words, heredity, is 
always a factor in determining the particular characteristics of the 
gradient in that protoplasm. If we admit that polarity and symme- 
try are fundamentally such physiological gradients, this distinction 
between the realizing factor and the hereditary factor is inevitable 
and the necessity for it self-evident. Nevertheless, certain critics 
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of the gradient conception have maintained that features so definite 
and constant as polarity and symmetry in organisms could not be of 
external origin. Such a position results simply from misapprehen- 
sion. Even though a gradient may originate in a differential excita- 
tion, the constitution of the protoplasm in which it arises makes it as 
definite and constant a thing as that constitution itself. That is to 
say, given certain environmental conditions, a physiological gra- 
dient in a particular protoplasm will possess certain definite and con- 
stant characteristics. 


CHAPTER X 


PHYSIOLOGICAL DOMINANCE AND PHYSIOLOGICAL 
ISOLATION 


The existence of a relation of dominance and subordination be- 
tween parts in plants has long been recognized by botanists, though 
the physiological basis of this relation has been obscure. While under 
ordinary conditions the dominance of the growing tip over other 
regions and parts of the axis is the most conspicuous and character- 
istic relation of this sort in axiate plants, the growing tip is not 
the only region which dominates or controls other parts. Appar- 
ently any region of sufficiently rapid respiratory exchange may 
dominate a less active region. This relation of dominance and subor- 
dination and the physiological isolation of parts from the influence 
of the dominant region (see pp. 62, 157) are the primary factors 
in determining the order and arrangement of branches and other 
parts in axiate plants. 

Attention has been called elsewhere (Child, 715 b, Chaps. IX, X, 
"15 c, Chaps. IV, V, ’21 a, Chap. V) to the fact that this relation of 
dominance and subordination is characteristic not only of axiate 
plants, but also of axiate animals, and not only in development but 
in the special functional relations resulting from development. I 
have endeavored to show further (Child, ’21 a) that this relation of 
dominance and subordination is primarily a dynamic feature of the 
physiological gradient and so of the physiological axis, that it is funda- 
mentally excitatory and transmissive in character, and that it repre- 
sents the physiological basis of the relation of dominance and subor- 
dination which we find in the reflex are as the physiological unit of 
the nervous system (see Herrick, ’24, Chaps. XVII, XVIII). 

It was pointed out in the earlier discussions of the subject that the 
high end of a physiological gradient differs from other levels as a 
region of excitation differs from an unexcited or a less excited region 
and the control or dominance of the high end over other levels de- 
pends primarily upon this fact. From this viewpoint there is physio- 
logical continuity between the simple physiological gradient and the 
reflex arc. It was mentioned in Chapter IV above that the relation 
of dominance end subordination is a general characteristic of organ- 
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ismic pattern and we have now to consider the actual working of the 
relation in nature and experiment. 

It has also been pointed out (Child, 715 ¢, Chaps. IV, V) that 
physiological isolation of parts may occur, 7. e., a part may be isolated 
from the controlling or determining action of a dominant region, 
while still in physical continuity with that region. Some data have 
been presented to show that physiological isolation can be experi- 
mentally controlled and modified, that it plays a fundamental rdle 
in regressive development and physiological rejuvenescence of parts 
and in fission, budding and many other reproductive processes. 
These earlier considerations make it possible to review the chief 
facts and conclusions rather briefly in the present chapter, but some 
space is devoted to discussion of certain aspects of the subject not 
previously considered. 


PHYSIOLOGICAL DOMINANCE AND SUBORDINATION IN PLANTS 


The existence of this relation of dominance and subordination in 
axiate plants and its significance for the development of buds and 
branches and so for the form of the plant as a whole, has long been 
familiar to botanists. In general, the apical or chief vegetative tip 
of an axis dominates the axis and inhibits, retards or determines the 
course of development of other buds or growing tips along the axis. 
In the absence of the chief vegetative tip the tip of the most nearly 
apical bud or buds dominates all lower levels, in the absence of this 
the next lower bud, and so on toward the basal end of the axis. 

This relation exists not only for the main stem, but also to a greater 
or less degree within each subordinate axis, e. g., a lateral branch. In 
like manner the root tip dominates levels below it within a certain 
range and lateral root tips dominate their own axes to some degree. 
This relation of dominance and subordination also appears more or 
less clearly in various other plant organs or organ complexes. 

Certain characteristics of this relation in plants are of particular 
interest here. In the first place the relation is not simply an apparent 
or formal relation resulting from stereochemical or other structural 
features of the plant protoplasms, but it is a real physiological con- 
trol mvolving energy changes. The experimental evidence indicates 
that dominance is associated in some way with the liberation of 
energy in living protoplasm and it appears at present to be true that 
the region or part in which intensity or rate of energy-liberation is 
highest dominates other regions of lower intensity or rate. In fact 
the relation of dominance and subordination in the plant is funda- 
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mentally associated with, and determined by the physiological gradi- 
ents. The high end of the gradient dominates other levels and in 
partial gradients, 7. e., isolated pieces, the highest level present domi- 
nates lower levels. 

The experimental demonstration of dominance in plants is most 
readily accomplished through physiological isolation, 7. e., through 
the removal of subordinate parts from the influence of a dominant 
part and observation of their behavior following such removal. The 
various methods and the results of physiological isolation are con- 
sidered below (pp. 151-160), but it may be pointed out here that the 
effects of the trimming and pruning of plants are dependent primarily 
upon this relation of dominance and subordination in the plant axes. 


PHYSIOLOGICAL DOMINANCE AND SUBORDINATION IN ANIMALS 


The existence in postembryonic stages of most axiate animals of a 
functional relation of dominance and subordination of nervous or 
transmissive character is a familiar fact. In general, the apical 
region or head, or more specifically the central nervous system and 
the sense organs of the apical region or head, dominate other levels 
to a greater or less degree by means of nerve impulses, and we can 
also distinguish the relation of dominance and subordination at the 
various postcephalic levels of the central nervous system. In similar 
manner the central nervous organs of a particular level of the longi- 
tudinal axis constitute to some degree functionally dominant regions 
of the minor body-axes. In annelids and arthropods, for example, 
the segmental ganglia, situated in the median ventral region exercise 
a functional nervous dominance over lateral and dorsal regions of the 
segment. In vertebrates the median dorsal spinal cord similarly 
dominates lateral and ventral regions. So far as our knowledge goes, 
such dominance and subordination are always definitely related to 
the chief physiological gradients of earlier developmental stages, 
the high end of a gradient becoming the dominant region of that 
particular gradient.1 

1 But in the brains of the higher vertebrates there appears to be considerable 
modification of the primary axial gradients resulting from the development of 
numerous “centers” or regions of secondary dominance, the correlation centers. 
The progressive elaboration of these centers has been reviewed by Herrick (’24, 
Chaps. XVII—XIX) who expresses the opinion that in their more highly developed 
forms, and notably in the cerebral cortex, these correlation centers become the 
regions of highest dominance of the body. Herrick’s account includes a dis- 
cussion — largely theoretical—of the probable physiological factors involved 


in the transfer of the region of highest dominance from the periphery in primi- 
tive reflex arcs to the deep-seated cerebral cortex of higher mammals. 
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Functional dominance and subordination also appear in many 
axiate organs and organ complexes and here, as in the more general 
relations, the high end of a physiological gradient becomes the domi- 
nant region. The ctenophore plate row has been discussed in earlier 
publications (Child, ’17 ¢, ’21 a, pp. 212-220) and I have called atten- 
tion to the fact that the relations of the plates in the row constitute 
an almost diagrammatic example of dominance and subordination 
in relation to a physiological gradient. Alvarez and his co-workers ! 
have demonstrated the existence of the physiological gradient and of 
a functional relation of dominance and subordination in stomach, 
small intestine and colon. Hyman (’21) has found that the embryonic 
vertebrate heart is a physiological gradient and that the sinus region 
which later becomes the pacemaker represents the high end of this 
gradient. Gowanloch (’23) has been able to modify the development 
and even to reverse the direction of beat of the heart in fishes by 
means of differential susceptibility. 

Undoubtedly in other axiate organs, such as the ureter (Satani, 
19, Penfield, ’20), the fallopian tubes, the contractile blood vessels 
of various animals, etc., functional dominance and subordination 
are similarly related to physiological gradients. 

In “The Origin and Development of the Nervous System,” Chap. 
XIII, it was pointed out that the reflex arc itself is fundamentally 
a relation of dominance and subordination, that the development 
of the reflex ares in the individual is evidently related in a definite 
way to the physiological gradients and their developmental modifica- 
tions, and finally that the gradients as excitation-transmission gradi- 
ents constitute the general physiological basis out of which the 
reflex are arises, through functional specialization and morphological 
differentiation. 

Dominance and subordination, however, appear in animals, not 
only in the special functional relations of postembryonic stages, but 
also as factors in growth and differentiation of parts, agamic repro- 
duction in nature and the regulatory reconstitution of new individuals 
from isolated pieces. Some fourteen years ago attention was called 
to the existence of a relation of dominance and subordination in the 
hydroid Tubularia (Child, ’07 a, ¢, 12 b) and Rand’s work on hydra 
(Rand, ’11, 12) led him quite independently to recognize the domi- 
nance in organization and development of the apical body-region in 
that form. 


1 Alvarez, 14a, ’15a, b, ’16a,b, 17a, b, ’18a, b,c, ’22; Alvarez and Mahony, 
21; Alvarez and Starkweather, ’18 a, b, ¢, d, e, "19; Alvarez and Taylor, ’17 a, b. 
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In the reconstitution of isolated pieces of Planaria it has been 
found that a piece from any level of the body is capable of determin- 
ing the development of all parts posterior to its own level, even 
though it remains completely headless. On the other hand, if it re- 
mains headless, such a piece never develops any trace of parts an- 
terior to its own level in the body, but if even a rudimentary head 
develops, then all parts normally characteristic of the regions in- 
termediate between the head and the level from which the part was 
taken develop.' In fact the study of Planaria has demonstrated be- 
yond question, first, that the head region, or more properly speaking, 
the high end of the major physiological gradient in the body of 
Planaria determines the organization and development of the parts 
and organs of levels posterior to it, so far as these are not already 
present, and second, that the development of a new head on an iso- 
lated piece is not, physiologically speaking, a replacement of missing 
parts by the piece, but actually occurs in spite of the piece. That is 
to say, in order that a new head shall develop on a piece, the cells at 
the anterior cut surface, which give rise to the head must be active 
enough as compared with the rest of the piece to be physiologically 
independent of it. If these cells are dominated by other parts of the 
piece, no head develops. Consequently, as repeated experiment with 
various agents has shown, the head-frequency (i. e., the frequency 
of head development in pieces of like size from animals of like size 
taken from a standardized stock), may be increased by conditions 
which inhibit the metabolism of other parts of the piece. Similarly 
head-frequency is decreased when the rate of metabolism of other 
parts of the piece is increased in relation to that of the head-forming 
cells. 

These experiments have.led to the conclusion that the reconstitu- 
tional development of such pieces is essentially similar to embryonic 
development, in that determination and control in the organization 
of the new individual proceeds from the anterior end posteriorly. 
The formation of the new head on an isolated piece is not determined 
by the piece but is a “self-differentiation.’” The only effect other 
parts of the piece can have on head-formation is a negative, inhibi- 
tory effect. The head, once established as a region of high metabolic 
rate, determines the organization and differentiation of levels poste- 
rior to it, so far as these are not already present. 


‘For these data and various others bearing upon the question of dominance 
and subordination in Planaria see Buchanan, ’22, Child, 10a, ’11b,¢, 12a, 714d, 
e,’16b, ’21 a pp. 100-102, Figs. 8-12, 
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It has long been known to students of regulatory development in 
the lower animals that in isolated pieces of Planaria the missing parts 
anterior to the level of the piece do not develop in order proceeding 
anteriorly, with the head appearing last. The fact is that, no matter 
what the level from which the piece is taken, the new head begins to 
develop first at the anterior cut surface of the piece and other parts 
arise either by redifferentiation of the old parts posterior to the cut 
surface or by later growth of new tissue posterior to the new head 
(Figs. 129-131). This is true not only for Planaria but for many if 
not for all forms in which the regulatory development of new apical 
regions or heads occurs on isolated pieces. For example, in the hy- 
droid Tubularia, whatever the level at which the stem is cut, the new 
hydranth arises at the apical end of the piece (see Figs. 67-69, 91-98). 
In the case of the earthworm Morgan (’97, ’02) observed that when 
more than five segments were removed from the anterior end only 
five segments regenerated. Similarly, in various limicolous oligo- 
chetes only a certain number of segments characteristic for each spe- 
cies develops anew at the anterior ends of species when more than 
that number of segments are removed (Hyman, ’16 a). In the species 
studied by Hyman the intermediate regions are formed by later re- 
differentiation of some of the old segments. In pieces from the more 
posterior levels of the body then the new head is ‘‘out of place”’ since 
the parts which normally lie between it and the level of the piece on 
which it develops are not present. If we regard the development of 
the new head as determined by the piece these facts remain inexpli- 
cable, but as soon as we recognize that the new head is, so far as the 
rest of the piece is concerned, a self-differentiation and that the region 
from which it arises dominates levels posterior to it because it repre- 
sents the region of highest metabolic rate in the piece the difficulty 
disappears. In regulatory, as in embryonic development, the so-called 
law of antero-posterior development holds, and the apical end or 
head constitutes the first step in the formation of a new individual. 
The chief physiological difference between the reconstitution of a 
piece and embryonic development is that in the former case the devel- 
opment of a new posterior end is determined by the regions already 
present in the piece even in the absence of a head, while in embryonic 
development the whole individual is determined from the apical or 
anterior end posteriorly. 

That the apical or cephalic portions of the central nervous system 
develop independently of other parts is indicated by various facts. In 
the case of Planaria, Flexner (’98) and Keiller (10) showed that the 
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ganglia of the new head may develop quite apart from and independ- 
ently of the cut ends of the nerve cords in the piece, the connections 
being established later by outgrowth from the new ganglia. The fact 
determined by Goldfarb, (’09), that in the earthworm a new head and 
new ganglia will develop at the anterior cut surface even after the 
ventral cord is removed from several segments posterior to the end, 
also indicates the independence of the cephalic ganglia. The experi- 
ments of Fischel (710, 714) and Waelsch (’14) indicate that in amphibia 
and birds the earlier embryonic stages of the central nervous system 
arise independently of other parts. Moreover, Spemann (18, ’21) 
and Mangold (’20) have shown that the region anterior to the dorsal 
lip of the blastopore in the amphibian embryo, 7. e., the region which 
plays a large part in the formation of the cephalic nervous system, not 
only develops independently of other parts after a certain stage, but 
dominates or determines their development. Spemann, in fact, has 
called this region the “organizer.” 

Peripheral parts may influence the development of the central ner- 
vous system in later stages, at least in the higher animals as Shorey 
(09) has shown, and the incomplete or retarded differentiation or 
small size of certain nervous regions or centers in the absence, incom- 
plete development, or lack of functional connection of peripheral 
parts normally associated with them is a general rule in the higher 
animals. Levi has found a correlation between the size of nerve cells 
and the size of the animal, 7. e., supposedly the size of the area inner- 
vated by each cell, and Terni has demonstrated this correlation exper- 
imentally.1_ Nevertheless, all the evidence at hand indicates that in 
the lower animals and in the earlier stages of the higher animals the 
central nervous system develops independently, or almost independ- 
ently of other parts, and the apical or cephalic portion of it independ- 
ently of other levels of the nervous system itself (see, also, Child, ’21 a, 
pp. 125-128). 

It was noted above (pp. 101-110) that the localization of organs 
along an axis may be experimentally altered by altering the length or 
steepness of the gradient. At present it seems possible to interpret 
these facts only in terms of dominance and subordination in relation 
to a physiological gradient. 

The facts, considered from the physiological viewpoint, permit little 
doubt concerning the significance of dominance and subordination 
in both embryonic and regulatory development and in both animals 
and plants. There is, in fact, good ground for believing that the re- 

1 Levi, ’97, ’06, ’08, ’16, ’19; Terni, ’14, ’19. 
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lation of dominance and subordination is a necessary expression and 
consequence of the existence of a physiological gradient. Moreover, 
a physiological continuity apparently exists between the relation of 
dominance and subordination in development and that which appears 
in later stages as a characteristic feature of nervous function. Thus 
we reach once more the conclusion that between the simple physiolog- 
ical gradient, the localization and differentiation of organs and the 
complexities of nervous control a physiological continuity exists. 


PHYSIOLOGICAL INDEPENDENCE OF PARTS AND ORGANS IN 
RELATION TO DOMINANCE 


We must of course expect to find that dominance and independence 
go hand in hand, 7. e., that so far as one region or level of a gradient 
or physiological axis dominates another, it is independent of that 
other. This fact is strikingly illustrated by normal embryonic devel- 
opment, in many agamic reproductive processes and in the regula- 
tory development of isolated pieces. In embryonic development, for 
example, the organs representing the high ends of the axial gradients 
develop before other parts (Child, 15 c, pp. 67-72). In processes 
of budding in plants, the apical end, the growing tip of each partic- 
ular axis, is the first part of that axis to be established (Child, ’15e, pp. 
83-87), and in budding and fission in animals, as in embryonic devel- 
opment, the region representing the high end of a particular axis or 
gradient develops first. Again in the regulatory development of 
short isolated pieces of the lower animals such as hydroids, flatworms, 
etc., only the parts representing the apical or anterior end of the body 
may appear (Figs. 93-101, also Child, ’15 ¢, pp. 96-101). In other 
words, a short piece isolated from any level of the body may trans- 
form completely into an apical structure or head, other parts being 
completely absent. No other region or level of the body has ever been 
seen to originate in this way in regulatory development, 7. e., in com- 
plete independence of other parts. The development of organs rep- 
resenting lower levels of a gradient is always determined by the pres- 
ence of higher levels. Relative independence of course exists in the 
gradieats of minor axes. The development of the median ventral 
trunk region in most, if not all, bilateral vertebrates and of the me- 
dian dorsal region in vertebrates, is relatively independent of the 
development of lateral and dorsal, and lateral and ventral regions 
respectively. In axiate organs as well we find a similar independence 
in development of the regions representing the high ends of the gra- 


dients. 
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Functionally also a given level of a gradient is relatively independ- 
ent of lower levels, and the apical or anterior end is therefore the most 
independent region of all. In the simpler animals this functional in- 
dependence in relation to the gradient appears most clearly. It has 
been observed in many invertebrates that regions of the body apical 
or anterior to a region of excitation are but little affected by it, while 
regions basal or posterior to it are much affected. If an annelid or a 
turbellarian be cut in two, the piece anterior to the cut is but little 
affected and soon recovers its normal behavior, while the levels pos- 
terior to the cut are much affected (Norman, ’00). In the higher ani- 
mals and even in man the functional independence of higher levels 
still persists to some extent, but the autocratic or oligarchic pattern 
of relations of the simpler animal and plant axes has undergone mod- 
ification in the direction of democracy and representative government 
in the course of evolution (Child, ’21 ¢, pp. 248-267). 


MOSAIC DEVELOPMENT 


Both the Roux-Weismann theory of qualitative nuclear division 
and the theory of the segregation of formative substances in the 
cytoplasm of the egg involve the assumption that different cells or 
cell groups of the embryo go through the developmental processes 
independently of each other. According to these conceptions, the 
developing organism is a mosaic of these independent parts, which 
enter into relation with each other only in later stages. 

Omitting discussion of the theories, the experimental data show that 
in some animals development even from the beginning, actually 
appears to be of this character. In such cases we find that, at least 
within certain limits, parts of the egg, isolated cells or cell groups of 
early stages, or organ primordia continue their development with 
little or no change, 7. e., as if the other parts were present.' In some 
forms this apparent independence of parts already exists to a greater 
or less extent in the egg at the beginning of development, while in 
others cells or parts isolated in early stages react to the altered con- 
ditions by change in the course of development, but in later stages 
such reaction becomes more and more narrowly limited. Evidently 
then development of apparently mosaic character appears to very 
different degrees and in different stages in different forms. At the 


1 Without attempting a complete or extensive bibliography, the following pa- 
pers are cited: Conklin, ’97, ’02; Driesch and Morgan, ’95; Fischel, ’97, 98; Roux, 
’95, Bd. II; E. B. Wilson, ’92, ’93, ’94, 96, 03, ’04; Ziegler, 98, Child, 00. Fur- 
ther references will be found in these papers. 
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one extreme are forms such as the annelids, mollusks and ctenophores, 
in which at least certain regions are so fixedly predetermined at the 
beginning of cleavage that isolation from other parts does not alter 
their behavior to any marked degree. At the other extreme are eggs 
like those of the sea urchin, the medusa, etc., in which isolation of 
parts is followed by extensive regulatory change. In such forms 
whole embryos may develop from single isolated blastomeres or 
other parts of embryos, but with certain limitations as regards size 
of pieces, regions of embryo represented and stage of development, 
which differ in different species. Even in such cases a gradual de- 
termination or fixation of differences in different regions or cells 
occurs in the course of development, so that in general as develop- 
ment progresses the regulatory plasticity of earlier stages disappears 
or becomes more and more limited. In some forms, however, in 
which metamorphosis involves extensive development of new parts, 
the larval stages preceding metamorphosis may show a high degree 
of mosaic behavior, while later stages have a high regulatory capacity. 
Such relations appear in the polychete annelids, the mosaic character 
of early development having to do with larval organs. 

How are we to account for these differences? In the more ex- 
treme mosaic type of development the parts appear to develop, or, 
more strictly speaking, are able to develop up to a certain point 
independently of each other and in the regulatory types, physiological 
correlation between the parts appears to be an essential factor, since 
the course of development is altered by isolation. A very simple 
interpretation of this series of facts is possible in terms of physio- 
logical gradients. In the more extreme mosaic types of development, 
e. g., annelids and mollusks, specialization or differentiation at dif- 
ferent levels of the gradient has occurred to such an extent that 
isolation at a certain stage does not alter the course of events during 
a certain period of development following that stage. It is of in- 
terest to note further that in the annelid and mollusk this specializa- 
tion is apparently established first in the upper levels of the primary 
gradient, 7. e., the regions which give rise to the anterior regions of the 
larval body, and particularly the ectodermal regions. In fact, the 
lower levels of the gradient, which give rise to the ectoderm, mes- 
oderm and entoderm of the postcephalic regions are not so highly 
specialized. In the annelid these regions remain capable of growth 
and formation of new segments up to late developmental stages, or 
throughout life, and even in the adult isolated pieces of postcephalic 
regions are capable of more or less extensive regulatory development, 


148 PHYSIOLOGICAL FOUNDATIONS 


often of development of complete new individuals. If specialization 
and differentiation have any relation to the physiological gradients, 
we should expect them to appear first or to be more stable at the 
higher than at the lower levels of a gradient because of the differences 
in metabolic rate at the different levels. 

Whenever a sufficient degree of such specialization exists, de- 
velopment will appear to a greater or less extent as a mosaic of in- 
dependent processes in different cells or regions, 7. e., the regulatory 
capacity of isolated parts will be more or less limited. In annelid 
and mollusk eggs and in some other forms, in which the upper levels 
of the polar gradient have already attained such specialization at 
the beginning of cleavage, early development appears to be largely 
a mosaic of independent processes. In the egg of the jellyfish, on 
the other hand, none of the levels of the polar gradient has become 
fixedly specialized at the beginning of development, consequently in 
this form early development appears as a correlative process, 7. e., 
extensive regulation follows isolation of parts. In fact it is only in 
advanced stages of development of the hydroid that any marked 
degree of fixity of differentiation takes place and then it is limited 
to the extreme apical end of the gradient, 7. e., to the hydranth, and 
even this is capable of a considerable degree of regulation in many 
hydroid species. 

If what has been said in preceding sections concerning the domi- 
nance and independence of the high end of the polar gradient and 
of the apical end or head developing from it is correct, it is evident 
that the early development of this region must always be of the 
mosaic type, so far as its relations to other parts are concerned. That 
is to say, its specialization is independent of that of lower levels of 
the gradient. According to this view this is the only primary or 
fundamental mosaic feature of development. Apparent independ- 
ence of other parts does not mean primary or even actual independ- 
ence, but merely a certain degree of specialization or differentiation 
resulting from physiological correlation in earlier stages. Such spe- 
cialization may limit the regulatory capacity of the parts and make 
it possible for them to continue their development with little or no 
change for a time after isolation. 

Even in the case of the apical end or head, its independence of 
other parts does not result from inherent qualities of its cells but 
merely from the fact that it represents the high end of a gradient. 
When the gradient is obliterated, it fails to develop (pp. 104-107) 
and when new gradients are experimentally localized new apical ends 
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or heads appear. We must conclude then that so far as any deter- 
mination of the apical end or head by other parts is concerned, de- 
velopment is always a mosaic, at least in its earliest stages, but that 
the apparent independence of other parts is always secondary and 
the consequence of their specialization or differentiation as particular 
levels of a gradient. The fact that some subordinate parts are able 
to continue their development with little change for a time after 
isolation does not necessarily mean that they were actually inde- 
pendent of other parts before isolation. It means rather that their 
ability to react to the altered conditions by alteration in the course 
of development is more or less limited in range, or that reaction 
occurs slowly. 


THE DOMINANT REGION AS A PACEMAKER 


The idea of a functional pacemaker, that is a region or part de- 
termining or controlling the rate of certain activities in other parts, 
has long been familiar to physiologists. Physiological investigation 
of the vertebrate heart and its rhythmic activities has demonstrated 
beyond a question that a certain region at or near the sinus end of the 
heart normally controls the rate of beat. If this region is inhibited 
in its activity, e. g., by cold, or is removed, the function of pacemaker 
may be taken up by the region adjoining, and by inhibition of this 
region the function of pacemaker may again be transferred to the 
adjoining intact region and so on. Similar functional pacemakers 
exist at the upper end of the stomach, the small intestine and the 
colon and at the upper end of the ureter, and, as in the heart, the 
function of pacemaker may be transferred successively to lower 
levels by inhibition or removal of the normal pacemaker.’ In the 
case of the heart, the alimentary tract and the ureter, regions or 
levels normally subordinate may also become pacemakers for a part 
or even for the whole organ if sufficiently excited, even though the 
normal pacemaker be still present and functioning. 

In the plate row of the cetenophore the apical region is normally 
the pacemaker (Child, ’17c, ‘21a, pp. 212-220), but when the apical 
region is inhibited or more basal levels are physically isolated from 
it, the most apical level present or intact becomes the pacemaker and 
any level of the plate row may be made a pacemaker by sufficient 
stimulation. Undoubtedly a functional pacemaker exists in many 


1 For the heart see Eyster and Meek, ’21, also Gowanloch, 123; for the aliment- 
ary tract see papers by Alvarez and co-authors in bibliography and for ureter, 


Penfield, ’20. 
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other organs, e. g., the elongated tubular hearts and contractile 
blood vessels of various invertebrates, the Fallopian tubes, the vas 
deferens. 

In the case of the heart, the alimentary tract, and the ctenophore 
plate row it has been shown experimentally that the pacemaker 
represents the high end of a physiological or metabolic gradient 
characteristic of the organ concerned. When we turn to the develop- 
ment of axiate organisms, we find that the axes are represented pri- 
marily by physiological gradients similar, so far as we can determine, 
to those characteristic of the heart, the alimentary tract and the 
ctenophore plate row. Moreover, we find that in such a gradient 
the high end is dominant and controls or determines conditions at 
lower levels within a certain range of distance. In fact, the high end 
of such a gradient is essentially a development pacemaker. To take 
the case of the plant, for example, the growing tip which is the high 
end of the chief axial gradient controls the development of buds and 
branches at lower levels. If this tip is removed or inhibited the grow- 
ing tip of the next lower bud or branch takes up the function of 
pacemaker, etc. Except that in the heart, alimentary tract and 
ctenophore plate row a rhythmic excitation is the conspicuous feature, 
the relations in these gradients of specialized organs and in the axial 
gradients of axiate plants and animals are very similar. Moreover, the 
facts indicate that dominance and subordination in development, as 
well as in the rhythm of heart beat and peristalsis, is fundamentally 
a relation based on excitation and transmission. The high end of an 
axial gradient dominates lower levels, because it differs from them 
as a more strongly excited region differs from one less strongly excited. 

Taking the facts as they stand, they point very definitely to two 
conclusions. First a pacemaker, whether functional or develop- 
mental, represents primarily the high end of a physiological gradient, 
or a region so strongly excited as to alter a preéxisting gradient or 
determine a new one. Second, wherever a physiological gradient 
is established a relation of dominance and subordination, of pace- 
maker and follower, must exist to some degree and within a certain 
range. And not only do the facts point us to these conclusions, but 
current theories of heredity make it necessary to discover or postulate 
some sort of controlling and ordering factor to account for the orderly, 
definite and correlated character of individual development. If 
every cell inherits the whole germ plasm, as Morgan maintains, there 
are only two ways of accounting for the orderly, definite and rela- 
tively constant course and character of specialization and differentia- 
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tion of cells and cell groups in development. Either it must depend 
upon a relation of physiological dominance and subordination, of 
pacemaker and follower, which is determined in the final analysis 
by differences in behavior or reaction of different cells or regions to 
a differential in environment, or else it is the expression of the control 
and ordering of physico-chemical factors by a metaphysical factor, 
which we may call entelechy or something else, as we choose. There 
is, I believe, no escape from this alternative. The phenomena of 
individual development are inconceivable without a controlling and 
ordering factor, a pacemaker of some sort, either physiological or 
metaphysical, and the evidence points very clearly to the existence 
of a physiological pacemaker in the high end of the physiological 
gradient. 


PHYSIOLOGICAL ISOLATION 


It is a familiar fact that the physical isolation of parts of the body 
of organisms is in general followed by changes in their behavior. In 
the higher animals the specialization of structure and function is so 
great that such physically isolated parts soon die, though under 
properly controlled conditions, e. g., in tissue culture media, even 
small groups of cells may be kept alive for long periods and may grow 
and divide. In the simpler animals such physical isolation of parts, 
if not carried too far, is followed by dedifferentiation of some or all of 
the cells of the isolated piece and this in turn is followed by a new 
developmental process which gives rise either to a complete new 
individual (Figs. 129-131) or to the more apical or anterior portions 
of such an individual (Figs. 95-98). Such a process is known as 
regeneration, form regulation, restitution, reconstitution. It involves 
a change in behavior and structure from that of a part toward that 
of a whole organism. 

Among the lower plants every cell of the body may be capable, 
when physically isolated, of transforming into a new growing tip and 
so into a new individual, but in the multiaxiate higher plants phys- 
ical isolation of pieces containing buds, merely determines the out- 
growth of some of the buds. In such cases there is simply the substi- 
tution of one axis for another, rather than the development of new 
axes. 

It appears to be true then that a physiologically isolated part of 
an organism tends in general to lose its characteristics as a part and 
to become or approach the conditions of a new whole individual. 
The capacity for such reconstitution is greatest in the simpler organ- 
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of pieces of Planaria dorotocephala 
from different levels: Fig. 129, out- 
line of body indicating levels, (a) 
and (b), from which pieces are 
taken; Fig. 130, reconstitution of 
(a); Fig. 131, reconstitution of (h). 
In Fig. 130 only the head, in Fig. 
131, the head with a short region of 
the body behind it, develops from 
the new tissue at the cut surface: 
in Fig. 131 almost the whole pre- 
pharyngeal, and the pharyngeal 
regions are formed by reorganiza- 
tion of the regions posterior to the 
cut surface (from Child, 21 a). 


XII below). Transmission 


PHYSIOLOGICAL FOUNDATIONS 


isms, because the greater degree and 
fixity of specialization in the higher 
forms, particularly the higher animals, 
limits their potentialities of change in 
behavior. 

It is very generally admitted that 
the changes which occur in physically 
isolated pieces of organisms are in some 
way the results of their isolation. That 
is to say, their original development as 
parts of the individual was determined 
by their physiological relations with 
other parts and primarily, as I have 
tried to show, by their position in a 
physiological gradient or gradients. 
When we isolate such a part physically, 
e. g., by section, we of course isolate it 
from the action of the physiological 
factors which have made it the particu- 
lar part it is. If its specialization as 
such a part is not fixed, it does not 
persist in the absence of physiological 
factors which determined it and de- 
differentiation occurs. The course and 
character of the reconstitutional process 
in a particular case depends on the 
axial relations. In some isolated pieces 
the old gradients persist (Figs. 124- 
126), in others new gradients arise 
(Figs. 102-109). 

Various reasons have been given re- 
peatedly for believing that the phys- 
iological relations in a gradient must 
be primarily excitatory-transmissive in 
character, 7. ¢., that the high end of 
the gradient differs from other levels as 
a region of excitation differs from an 
unexcited or less excited region (Child, 
"15 c, ’21a; see also Chaps. XI and 
of excitation with a decrement un- 


questionably plays an important part in the origin and establishment 
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of the gradients. According to this conception physiological domi- 
nance is fundamentally an excitatory and transmissive relation. In 
the absence of specialized structural paths and in at least some nerves, 
the excitatory change usually undergoes a decrement in physiological 
effectiveness and finally a point is reached beyond which it is in- 
effective. 

Under such conditions the range of dominance must be limited by 
the decrement in transmission. In other words, at a certain dis- 
tance from the dominant region its control becomes ineffective. The 
range of dominance may differ widely with different conditions: for 
it may be very short in early embryonic stages in which the conduc- 
tivity of protoplasm for excitation is rather low, and it may increase 
during development until in the nerves of vertebrates it is certainly 
very great and is regarded by many as unlimited (Child, ’21a, pp. 223 
~228). Again, experiment has shown that the range of dominance 
varies with rate of metabolism in the dominant region. Decrease in 
rate determines decrease in range of dominance and vice versa. 

Since the range of dominance is limited, particularly in the earlier 
developmental stages and in simpler organisms throughout life, the 
possibility exists that under certain conditions some portion or por- 
tions of the body may come to lie beyond the range of dominance, even 
though they are still in protoplasmic or cellular continuity with it. 
For isolation brought about in this way the term ‘“ hysiological 
isolation” has been used (Child, ’11 e.) In the simpler organisms, in 
which the isolated part is capable of reacting to the altered conditions, 
the result of physiological isolation is essentially the same as that of 
physical isolation. The physiologically isolated part or region tends to 
lose its characteristics as a part and to develop into a new individual. 

In many processes of budding, fission, etc., in both plants and 
animals the occurrence of physiological isolation can be demonstrated 
in various ways, or very clearly indicated. Such isolation is probably 
concerned in some way and to some extent in all processes of agamic 
reproduction. For example, one indication of physiological isolation 
of a part is the partial or complete inability of the animal to control 
it. Such a condition is very clearly shown in Planaria dorotocephala. 
After the animal attains a certain length the posterior region of the 
body is no longer under complete control of the anterior region under 
ordinary conditions, though when the animal is strongly excited this 
region is often brought under control. Sooner or later this posterior 
region reacts independently of the anterior region by attaching itself 
to the substratum in reaction to some slight stimulus, while the 


154 PHYSIOLOGICAL FOUNDATIONS 


» 


anterior region continues to creep forward. When such reaction 
occurs the body in front of the attached region may become greatly 
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Fic. 132.—The act of fission in P. dorotocephala: through an independent motor 
reaction the posterior zooid attaches itself to the substratum while the anterior zooid 
continues to advance until rupture occurs. 

Fie. 133.—Stenostomum, showing various stages in the formation of chains of zooids: 
(A), first fission; (B), second fission of anterior zooid; (C), second fission of posterior 
zooid and third fission of anterior zooid; (D), third fission in anterior, second and third 
zooids. Comparison of figures shows that distance from head of zooid to fission plane 
next posterior differs according to degree of development of head, being least in zooids 
with least developed heads and greatest in those with most developed heads. 


stretched (Fig. 132) and if the animal has sufficient strength, or if 
the degree of excitation of the anterior region does not become so 
great that the posterior region is brought under control, fission results. 

In many other animals physiological isolation results in actual de- 
velopment of the new individual before separation occurs. The flat- 
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worm Stenostomum serves as an example (Fig. 133). Here the range 
of dominance and therefore the distance of the fission plane from the 
head in each new fission differs according to the development of the 
head and nervous system, 7. e., with the range of dominance in that 


zooid. The zooid in which 
nervous system is most 
est length before a new fis- 
earlier the stage of de- 
nervous system, the 
when fission begins. Even 
changes or changes in be- 
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length of an axis are cases Fic. 134.—Tubularia, showing physiological isola- 
: : I Pla . tion of tip of stolon with consequent development 
= point. n Narra of a new hydranth. 


(Fig. 132) and Stenosto- 

mum (Fig. 133) fission commonly results from increase in length of 
the polar axis and consequent physiological isolation of the posterior 
end. In the hydroid, Tubularia, the basal end of the stem forms a 
holdfast and gradually grows along the substratum as a stolon (Fig. 
91, p. 118), but when the length of the stem plus stolon, 7. e., the dis- 
tance of the stolon tip from the dominant hydranth region, becomes 
sufficiently great, the tip of the stolon transforms into a new 
hydranth (Fig. 134). In various other species of hydroids the 
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formation of a new hydranth bud is possible only ata certain dis- 
tance on the stem from an active hydranth and this distance varies 
with the activity of the hydranth. Numerous other cases of physio- 
logical isolation and fission, budding or some other form of agamic 
reproduction might be mentioned. 

Decrease in dominance. — A decrease in activity, or removal of 
the dominant region may bring about physiological isolation. Such 
isolation and the following reproduction may occur without any 
increase in size of the organism concerned. That physiological iso- 
lation and outgrowth of buds in plants can be experimentally induced 
by removal of the growing tip or by retarding its metabolism has long 
been known to botanists. In animals similar results can be obtained. 
In Planaria, for example, removal of the head favors development of 
the posterior zooid and fission (Child, ’10 a, ’11 d). In Tubularia 
removal of the apical hydranth or inhibition of the development of 
a hydranth at the apical end of a stem or stem piece is a factor in 
bringing about physiological isolation at the basal end and so favors 
or determines development of a hydranth there (See Fig. 92, also 
Child, ’07 a, d). As noted in Chapter VI, Wood-Jones has described 
relations of dominance and subordination in the staghorn corals 
which are almost identical with those in multiaxial plants. In these 
corals, removal of the apical dominant zooid of the branch results 
in physiological isolation of parts below and some of the lateral zooids 
undergo transformation into apical zooids of new branches. 

Both botanists and zodlogists have repeatedly called attention to 
the occurrence of various processes of agamic reproduction under 
“unfavorable conditions” and such reproduction has often been 
regarded as an adaptation directed toward preserving the life of the 
species under the unfavorable conditions. Doubtless it serves this 
purpose in many cases, but physiologically it results from decrease or 
obliteration of dominance because of the fact that the dominant re- 
gion is more susceptible than other parts to the injurious conditions. 
The individual disintegrates physiologically into two or more smaller 
individuals. The “unfavorable” conditions under which such repro- 
duction occurs are in general conditions which decrease metabolism 
and so shorten or more or less completely obliterate the gradient be- 
cause of the differential susceptibility of different levels (see pp. 80- 
84). 

Block. — Physiological isolation of subordinate parts may also be 
brought about by physiological block, 7. e., by blocking or obstructing 
through physiological change the passage of the correlative factor 
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at some point in its course from the dominant to the subordinate 
region. McCallum (’05) brought about some degree of physiological 
isolation in the bean seedling by subjecting a short zone of the stem 
to vapor of an anesthetic. 
More recently Bellamy 
and I have found a zone 
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Fias. 135, 136.—Physiological isolation by low temperature block in scarlet-runner 
bean: Fig. 135, physiological isolation and growth of buds in axils of cotyledons by zone 
of low temperature on internode next above them (petiole of leaf was broken after out- 
growth of buds); Fig. 136, physiological isolation and growth of buds in axils of first 
foliage leaves by zone of low temperature on internode next above them. 


of low temperature a very effective means of blocking the correla- 
tive factor in various plants (Child and Bellamy, ’19; Child, ’20 b, 
21 b.) The result of such an experiment on the scarlet-runner bean 
is shown in Figures 135, 136. In the normal bean plant the buds 
in the axils of the cotyledons and of the first foliage leaves do not grow 
out because they are inhibited by the chief growing tip, or in its 
absence by other growing tips apical to them which reacts to isolation 
more rapidly than they do. The cooling to 3°-5° C. of a zone of 
the stem twenty mm. or more in length blocks the dominance of the 
growing tip or other buds and the buds of the axil next below the 
cooled zone grow, as Figures 135, 136 show. Such cooling produces 
no perceptible physical injury and after removal of the low tempera- 
ture the inhibiting action of the growing tip is again effective below 
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the cooled zone, unless the isolated buds have become so active during 
the period of isolation that the chief growing tip is no longer able to 
inhibit them. 

In the course of these experiments it has been found that within 
a certain range of temperature the effectiveness of the block varies 
with the length of the cooled zone. For example, at a temperature of 
4°-5° a cooled zone 25-30 mm. in length may be ineffective as a 
block, but with the same temperature a cooled zone 80-100 mm. is 
effective. With sufficiently low temperature, e. g., 2°, a cooled zone 
25-30 mm. long is effective as a block at any level of the stem, but 
with higher temperatures, e. g., 4-5°, the farther away the cooled 
zone from the buds to be isolated, the less effective it is as a block. 
These facts suggest that with the higher temperature the inhibiting 
factor is not completely blocked and that in the normal parts of the 
stem below the cooled zone it gradually recovers its normal intensity 
or effectiveness. When the cooled zone is near the buds to be isolated 
the length of normal stem below the zone is not sufficient for such 
recovery, but when the zone is far away it is sufficient. Another 
possibility is that the correlative factor itself is weaker at the lower 
level and therefore more completely blocked by a given length of 
zone at a given temperature than at the higher level. 

And finally, it is important to note that the blocking by low tem- 
perature of the inhibiting action of the growing tip on buds below 
does not block the passage of water and salts in the opposite direc- 
tion. Plants with a cooled zone of stem do not wilt and the stem 
continues to grow above the cooled zone. To determine whether 
the cooled zone blocks the downward transport of substances is not 
so casy, but by using different plants and different parts it has been 
possible to make it highly probable that the blocking of such trans- 
port is not the essential factor in the physiological isolation (Child, 
2 eb.) 

In the course of his experiments on Bryophyllum Loeb ! has ad- 
vanced various hypotheses in the attempt to interpret the relation 
of dominance and subordination in plants. These hypotheses are 
in terms of transportative correlation, an attempt to account for 
the facts by assumptions concerning the flow or distribution or flow 
of sap or of certain nutritive substances in it or by the assumption 
of the production by the dominant growing tip of inhibiting substan- 
ces. As I have pointed out elsewhere, the results of the low temper- 
ature experiments indicate, if they do not demonstrate, that the re- 

‘Loeb, ’15a, b, 16a, 17a, b, c, d, e, 18a, b, c, 19, ’20 a, 723, 
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lation of dominance and subordination in plants is primarily rather 
a matter of transmission of excitation, than, as Loeb maintains, of 
transportation of substance. On the basis of other experiments 
Harvey (’20) has recently reached essentially the same conclusion. 

It has long been known that nerve impulses in animals may be 
blocked by cooling, compressing or partially anesthetizing a zone of 
the nerve, but the blocking of the correlative factor concerned in the 
general relation of dominance and subordination in the physiologi- 
cal gradients of animals has not yet been attempted. There is, how- 
ever, every reason to believe that with the proper technique such 
blocking can be accomplished in the same way as in the plant. 

Local action on the subordinate parts. — Finally, physiological 
isolation may occur in still a fourth way, viz., by direct excitation 
of, or other local action on, a subordinate part of such a degree that 
it is no longer sensitive to the control of the dominant region. Phys- 
iological isolation occurs in such cases because the subordinate part 
after excitation itself becomes the high end of a new gradient, and 
the excitation-transmission changes from the originally dominant 
region are obliterated in passing up this gradient (pp. 195, 200), or, if 
they do reach the part in question are no longer effective in control- 
ling it because of its increased activity. 

This sort of physiological isolation sometimes occurs in the buds 
of plants through the action of external factors favorable to growth. 
In the case of Bryophyllum, for example, the buds in the notches 
of leaves are ordinarily inhibited by the chief growing tip, even in 
moist air, but when a leaf is immersed in water while still attached 
to the parent plant some of the buds will often develop new plants 
even though the chief growing tip of the parent plant is growing ac- 
tively and inhibiting all other buds. Similarly, the direct action of 
external factors on the growing tips of runners may induce their trans- 
formation into new plants before the length of the runner has be- 
come sufficient to bring about physiological isolation of the tip in 
the ordinary way. 

The development of biaxial forms from pieces in various hydroids 
and in Planaria (Figs. 92-101) and in other forms are cases in which 
this factor of physiological isolation plays a part. The development 
of a new hydranth or a new head at the basal or posterior end of the 
piece occurs because the external differential determines a new gra- 
dient from the cut surface inward, i. e., in the opposite direction to 
the original gradient, and in spite of its presence. The new gradient 
determines first the new apical end and then so much of the body 


160 PHYSIOLOGICAL FOUNDATIONS 


as the length of the piece and the lengths of new and old gradients 
permit. In these cases the new polarity arises more readily because 
the removal of the original hydranth or head and the isolation of 
the short piece have weakened dominance in the original direction. 

Physiological isolation in development of repetitive series.—Phys- 
iological isolation is also unquestionably a factor in the develop- 
ment of repetitive series of parts, e. g., segments, series of tentacles, 
the mesenteries of sea anemones and corals, the “gills” of mush- 
rooms, the order of leaves, branches, and other parts in plants. 
Each region of growth dominates a certain area and a new region 
of growth can arise only outside this area. In this way physiological 
isolation of neighboring cells from the dominance of a growing part 
such as a tentacle, usually in consequence of growth of the organism, 
may determine the localization and development of another ten- 
tacle at a certain distance from the first in the region which reacts 
most rapidly to the isolation. In short, the principle of physiolog- 
ical isolation applies to the process of repetition of parts as well as 
to the repetition of whole individuals. 

Combinations of the different factors. — It may be noted, in con- 
clusion that a particular case of physiological isolation is not nec- 
essarily determined by the action of a single one of the four factors, 
but two or more of them may be concerned. For example, growth 
may partially isolate a region and a temporary or permanent de- 
crease in dominance or a direct stimulation of the region, or both 
may complete the process. Again, conditions bringing about de- 
crease in dominance may also partially block the passage of the cor- 
relative factors, and so on. In all probability many cases of physio- 
logical isolation in nature represent such combined action of more 
than one of the four factors. But, however it is brought about in 
any particular case, the occurrence of physiological isolation shows, 
not only that dominance is a real physiological factor in development, 
but also that in the less highly specialized protoplasms it is limited 
in range and that this range can be controlled and altered in various 
ways. 


DICHOTOMY, TWINNING AND AXIAL REDUPLICATION IN RELATION TO 
PHYSIOLOGICAL ISOLATION 


In the preceding section it has been shown that physiological iso- 
lation plays a fundamental part in the reproduction of new indi- 
viduals and the reduplication of parts from regions which are origin- 
ally subordinate parts of an individual. There are, however, certain 
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reproductive processes which involve the dominant region more or 
less directly, rather than the more distant subordinate parts. In 
many plants the growing tip divides at certain stages, or periodi- 
e cally, into two, or sometimes more than 
\ a two growing tips of equal physiological 


rank which give rise to two or more 
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Fie. 137.—Dichotomy in liver- normal develop- 
wort, Metzgeria: the growing tip ment or under 
divides periodically into two grow- Llasieal 
ing tips, (a, a,) of equal physiologi- pathologica or 
eal rank and each of these gives experimental con- 
rise to a new axis. “ys 
ditions. It may 
give rise in some cases to complete and separate 
individuals, in others to partially double or 
multiple individuals, e. g., double-headed forms, 
or to double or multiple parts, such as the re- 
duplicated legs of amphibia (Figs. 127, 128, 
pp. 126-129), crustacea and various other roliaarhak athletes 

. “1 . IG. — wo-heade' 
forms. It is a familiar fact that dichotomous pjanaria produced by par- 
duplication of an axis can be experimentally tial longitudinal splitting. 

¢ : 1 otted line indicates ap- 
produced in many cases by partial or complete proximate boundary be- 
physical isolation of the halves of the dominant hikes old and regenerated 
region. If a planarian is split longitudinally mere 
into two halves, each half reorganizes into a whole animal, or, if we 
split only the anterior end and prevent the cut surfaces from uniting, 
each half of the head, or of the separated portion, becomes a whole 
and a form with two anterior ends results (Fig. 138). Dichotomous 


division of the posterior end may be accomplished in the same way. 
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In the sea anemones and various other ccelenterates forms with 
double apical ends can also be produced by such physical isolation 
of the halves of the apical region. The amphibian limb-bud which 
would normally give rise to a single leg can be made to produce 
two legs by splitting it longitudinally at an early stage. In various 
plants dichotomous division of the axis can be experimentally in- 
duced by splitting the growing tip longitudinally for a short distance. 
Numerous other cases might be mentioned, but these suffice to call 
attention to the fact that such experimental dichotomy is induced 
by physical isolation from each other of two parts of the dominant 
or growing region. 

It should be noted, however, that the occurrence of duplication 
does not depend on complete separation of the two halves of the 
body or part, but rather upon the loss of direct transverse conti- 
nuity between the halves of the dominant or growing region. The 
indirect physical continuity between the two halves through the 
levels basal or posterior to the split is evidently not equivalent to 
direct transverse continuity, since, in spite of such indirect conti- 
nuity, the two halves become wholes. 

In many of the lower plants, such as liverworts, in which a single 
apical cell constitutes the growing tip proper, dichotomy results 
from the equal division of this cell in a plane vertical to the plane 
of the two resulting axes. We know nothing of the intracellular phys- 
iological conditions determining such division, but it is evident that 
they must be different in some way from those which determine the 
other divisions, for these latter take place in other planes, are usually 
unequal and give rise, not to growing tips but to the other cells of the 
thallus. In the dichotomous divisions the plane of dichotomy is 
commonly the plane of the flattened thallus (Fig. 137), therefore it 
seems probable that differential physiological conditions of some 
sort in definite relation to this plane determine both occurrence and 
plane of dichotomy. 

In plants with multicellular growing tip dichotomy involves the 
division of the tip into two multicellular tips, but cell division is not 
necessarily directly concerned. In animals also a dichotomy of the 
apical or anterior dominant region obviously involves a division of a 
dominant region or growing tip into two. Except in certain colonial, 
normally branching forms such dichotomous division of the chief body 
axes in animals occurs under either pathological or experimental 
conditions and gives rise to so-called double monsters, partial, or 
sometimes complete twins, in short to all degrees of duplication. 
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The case of the armadillo. — In the nine-banded armadillo inves- 
tigated by Patterson and Newman and discussed at length with ref- 
erences to the original papers by Newman (17 b, Chaps. II, III; ’23, 
Chap. VIII), the single embryonic vesicle gives rise normally to four 
complete embryos. In certain other species of armadillo larger num- 
bers of embryos are produced normally from the single ovum. Since 
this embryonic division in the armadillo is a normal phenomenon and 
has become well known through the work of Patterson and Newman 
and since Newman has advanced a physiological interpretation of it, 
it serves well as a starting point for interpretation. According to 
Newman the division is the consequence of a quiescent period in early 
development. During this period in which development is retarded 
or inhibited for some unknown reason, the original dominant region 
loses its dominance because of decreased activity and parts of the em- 
bryonic vesicle previously subordinate, or perhaps parts of the dom- 
inant region itself, become physiologically isolated. In consequence 
of such isolation four new radially situated dominant regions arise 
and develop into four embryos. 

In Newman’s earlier account he conceives this process of redupli- 
cation as the simultaneous formation of a number of equivalent ra- 
dially arranged apical regions in the ectodermic vesicle. Two of these 
favored by position with respect to the bilaterality of the uterus, be- 
come the “primary” embryos, two others the “secondary’”’ embryos, 
but all four are equivalent as regards origin (Newman, ’17 b, pp. 50, 
51). According to his later views, however, the process is apparently 
conceived as consisting of two successive fissions of the vesicle, the di- 
rection of the first determined by a differential of some sort associated 
with the bilaterality of the uterus, that of the second by undeter- 
mined conditions (Newman, ’23, Chap. VIII). Patterson (13) re- 
garded the process of reduplication as a double budding and Stock- 
ard (’21) has accepted his view. Newman’s contention that the proc- 
ess is rather a double fission than budding is based on the supposed 
dichotomous character of the divisions without persistence of the 
original dominant region. As regards the first duplication this con- 
tention seems well founded for, as far as the evidence goes at present, 
this duplication appears to be a true dichotomy. As regards the sec- 
ond duplication, however, the evidence is somewhat less conclusive, 
though it seems to suggest dichotomy, rather than lateral budding 
with persistence of the dominant region of the primary embryo. 

Newman’s assumption of obliteration of an original single dominant 
region may be correct, but it is not the only way of accounting for 
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the facts. If there is a differential in the uterine environment of the 
embryonic vesicle such that two lateral regions of it are more favor- 
ably situated, for example, as regards respiratory exchange, or other 
physiological conditions, these two regions may be directly determined 
as dominant apical regions in spite of the presence of the original 
dominant region. Such a process of duplication is essentially a proc- 
ess of physiological isolation by ‘‘excitation of subordinate parts” 
(p. 159), except that the parts accelerated in this case may be parts 
of the original dominant region. If the first duplication in the 
armadillo occurs in this way, the original dominance is obliterated, 
not by the quiescent period, but directly by the bilateral differential 
in the uterus. Very probably both factors are concerned. The chief 
purpose of this discussion is to call attention to the fact that the 
data of observation, even in a case so extensively investigated as 
this of the armadillo, do not yet permit usto reach definite con- 
clusions concerning the physiological factors involved, but merely 
serve as a basis for pointing out the possibilities. It appears that we 
do not certainly know whether this case of double twinning represents 
two successive dichotomies or a simultaneous tetratomy or a polyt- 
omy with persistence of four members. Nor is it certain whether 
one, or both of the duplications, if there are two, results from a loss 
of dominance and physiological isolation during a quiescent period, 
or whether the two primary, or all four polarities are directly deter- 
mined by local differentials in spite of a preéxisting original polarity. 

As the facts stand, they suggest that the axes of the two primary 
embryos are directly determined by the bilateral environmental 
differential in the uterus, but whether after obliteration of an original 
dominance by a quiescent period, or in spite of it, I do not think we 
can as yet determine. In any case, however, this interesting embry- 
onic reduplication, in spite of its uniformity and constancy, cannot 
be accounted for in terms of heredity alone. It represents the behav- 
ior under certain physiological conditions of a specific protoplasm with 
certain hereditary potentialities. 

Other processes of dichotomy and twinning. — Turning to other 
cases of dichotomous duplication, twinning, etc., in multicellular 
forms, it is evident that we know no more concerning the physiology 
of the process than in the case of the armadillo. Whenever a growing 
tip or an axis divides dichotomously, the position of the two new tips 
or axes with reference to each other must be determined either by a 
differential of some sort, such as a double symmetry gradient al- 
ready present in the region concerned, or by some differential in en- 
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vironmental conditions within the organism or external to it, which 
localizes two active regions instead of one. 

The physiological processes concerned in dichotomy may differ in 
different cases. In dichotomy in the lower plants there is usually no 
evidence that any inhibition, quiescent period, or loss of dominance 
is necessary. The apical cell divides equally, the division plane coin- 
ciding with the median plane of the thallus, and each half remains an 
apical cell. The plane of division is usually definitely related to the 
bilaterality of the thallus, which in turn may be determined orig- 
inally by light or by some other environmental factor. In plants 
with multicellular growing tip and in multicellular animals dichotomy 
is not primarily a matter of cell division, but involves changes in rate 
of activity in cell masses, and essentially the same questions arise as 
in the case of the armadillo. 

It appears to be true that flattened growing tips and blastoderms 
present conditions relatively favorable for the occurrence of di- 
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Fias. 139-141.—Diagrams illustrating dichotomy of a growing region in consequence 
of growth and flattening in a plane at right angles to the main axis. Further explana- 
tion in text. 


chotomy in the plane of the flattening. A brief consideration will 
serve to indicate the conditions which may be concerned in such a 
case. A growing region of this sort may be at first radially symmetri- 
cal (Fig. 139), but differential growth, determined either by its rela- 
tions to other parts of the organism, or directly by some external 
differential, brings about a flattening at right angles to the polar axis 
(Fig. 140). Such flattening may itself determine a differential in the 
growing region between the middle portion, c, and the two lateral 
regions, a and b (Fig. 140). The regions a and b are more favorably 
situated than c as regards nutrition, since they are nearer the less 
active cells of lower levels from which they can obtain food, while ¢ 
is surrounded on all sides by cells with a high rate of metabolism and 
growth. As regards respiratory exchange also the conditions are more 
favorable at a and b than at c, particularly if the surface of these re- 
gions is curved as ‘ndicated in the diagram. If such a differential be- 
comes sufficient, the activity of c may in time be somewhat inhibited, 
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while a and 6 retain or increase their activity and so become distinct 
growing and dominant regions (Fig. 141, a, b), separated by a less 
active region, c. In this way a true dichotomy may result from dif- 
ferential growth of a dominant region determined by conditions act- 
ing at right angles to the polar axis. It seems probable that many of 
the dichotomies which occur normally or occasionally in nature are 
of this sort, the differential transverse growth of the dominant region 
being determined by different factors in different cases. In certain 
plants, for example, dichotomy occurs at right angles to the direction 
of incident light, while in animals other conditions, probably in 
many cases conditions connected with respiratory exchange, are 
concerned. 

Moreover, if a flattened dominant region is inhibited by an exter- 
nal chemical or physical agent and then undergoes acclimation or 
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Fias. 142, 143.—Diagrams of early developmental stages of fish to illustrate di- 
chotomy of anterior end of embryonic area: Fig. 142, normal; Fig. 143, dichotomy. 


recovery, it is evident that conditions are more favorable for such ac- 
climation or recovery at a and b than at c (Fig. 140). Consequently 
dichotomy of an axis may sometimes be brought about experiment- 
ally by the action of inhibiting factors. 

The occurrence of different degrees of dichotomy and twinning as 
a teratological phenomenon in the embryonic development of fishes 
has been noted by various investigators. Such dichotomy gives rise 
to all degrees of twinning, from double-headed monsters to complete 
normal twins. Recently Stockard (’21) has described such dichoto- 
mies experimentally determined by inhibiting conditions and has in- 
terpreted them in terms of loss of dominance and physiological iso- 
lation of a subordinate region with budding. Even though some cases 
of unequal twins may be accounted for in this way, the frequent cases 
of equal twins present difficulties to this interpretation. It seems 
much more probable that these are true dichotomies and that they 
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arise in some one of the ways described above. The fish embryo pre- 
sents exceedingly favorable conditions for the occurrence of such 
dichotomy. The dominant region of the embryo develops as a broad 
flattened area upon the yolk (Fig. 142), 2. ¢., it is normally flattened 
transversely and is therefore a favorable substratum for the appear- 
ance of dichotomy in the manner indicated in Figures 140 and 141. 
Stockard has produced such dichotomous fish embryos by low tem- 
perature and by insufficient oxygen. It is evident at once that in the 
flattened embryonic area the differential exposure of lateral borders 
and median portion of the dominant region may determine physio- 
logical differentials like those indicated in Figure 141 above. Some- 
thing of this sort apparently happens in many cases. The originally 
single dominant region becomes two, not simply because of loss of 
dominance of one region over another, but because the shape of the 
dominant region favors the appearance of a differential between lat- 
eral and median portions and this differential determines two domi- 
nant regions (Fig. 143) and consequently a greater or less degree of 
twinning, according to conditions. 

It seems to be true that those forms in which the dominant region 
in early stages is a flattened area spread out over yolk give rise more 
frequently to such dichotomies than other forms. In the chick, for 
example, such dichotomous twinning is not infrequent. There may 
be other conditions not yet recognized which also favor dichotomy, 
but, taking the facts as they stand, the shape of the dominant re- 
gion appears to be a factor of considerable importance in the occur- 
rence of dichotomy in both plants and animals, consequently the 
conditions determining the shape must be regarded as conditions 
predisposing to dichotomy. 

In many cases of complete twinning from a single ovum the em- 
bryos may be more or less widely separated from each other. The 
possibility may be pointed out that in some such cases duplication 
may have been brought about in some way at a stage before a single 
embryonic area was established, rather than by fission of such an 
area. What conditions have been concerned in such cases and 
whether such twins represent physiological isolation in consequence 
of inhibition of a single dominant region in the early blastoderm or 
earlier, or direct determination of axes by environmental differentials 
in spite of an original dominance, we do not know. 

Situs inversus viscerum and mirror imaging in twinning. — In 
partial duplications in vertebrates it is often found that the usual 
visceral asymmetry is reversed in one of the components. Mirror 
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imaging in the reduplication of amphibian limbs has ‘been discussed 
in the preceding chapter. In his recent book Newman (’23, Chaps. 
XII-XIV) has described and figured numerous cases of these sym- 
metry relations, consequently detailed description is unnecessary 
here. We have as yet no experimental evidence for analysis of these 
relations and little more than surmise is possible as regards the con- 
ditions concerned (see p. 127). I wish, however, to point out that 
both situs inversus and mirror imaging indicate that the components 
concerned affect each other or are affected by a common factor. In 
short, the symmetry relations, whether determined by bioelectric, 
or by other conditions associated with the physiological gradients, 
represent in each case a reaction of the specific protoplasm to environ- 
mental conditions. 

The problem of polytomy. — It is a question of some interest 
whether a number of new axes, either of individuals or of organs, 
with a definite localization and arrangement, can arise simultaneously 
through polytomy of a single dominant region or of a general sub- 
stratum. Many apparent cases of such polytomy occur. In many 
plants, for example, branches, the parts of flowers, etc., appear in 
whorls and among animals the tentacles of ccelenterates and the 
rays of the starfish apparently represent equivalent parts which, so 
far as appearances are concerned, must have originated simultane- 
ously. A priori, the simultaneous orderly origin and localization of 
such parts in a definite and constant pattern appears physiologically 
impossible without preéxisting differentials of some sort determining 
the radius in which each part shall arise. But when we examine the 
origin of such parts more closely we find that, at least in many cases, 
they do not arise simultaneously. Among plants many whorls and 
multiple radial parts are known to originate as compressed axes, the 
radial arrangement and equivalence being secondary. That is to say, 
the parts arise successively in a regular order and sequence in relation 
to an extremely short axis. There is considerable evidence of similar 
conditions in animals. In the development of certain sea anemones 
the tentacles do not appear simultaneously, but in a definite order 
and position with respect to each other. In the buds of hydra also 
and in pieces undergoing reconstitution it can often be seen that the 
tentacles do not appear simultaneously, but in order, and small 
isolated pieces often give rise to one tentacle only. In many other 
cases among the ccelenterates there is at present no indication of 
such a definite order in appearance of tentacles and the process of 
their localization appears to be a true polytomy. In the reconstitu- 
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tion of a piece of Tubularia stem, for example, the tentacle ridges 
seem to appear simultaneously about the whole circumference (Figs. 
67-69) and in the development and reconstitution of hydranths in 
various other hydroids the tentacle buds seem to arise simultaneously 
about the whole circumference (Figs. 91-98, 117-121). If these 
processes are true polytomies, as they appear to be, and not suc- 
cessive buddings, we have as yet no basis for physiological inter- 
pretation of them. As regards the echinoderms, the earlier develop- 
ment shows clearly enough that the more or less equiradiate form of 
later stages is secondary and not the result of a true polytomy. 

Polytomy in anaxiate forms is of frequent occurrence, e. g., the 
multiple cell divisions in protozoan and other cysts, but in such cases 
we merely have the localization of cell boundaries with relation to 
the positions of nuclei rather than the origin of new axes. It is per- 
haps still a pertinent question whether true polytomy, 7. e., simul- 
taneous multiple division of an axis, does occur in any case of orderly 
and definite axial multiplication, and if it does occur, we have then 
to inquire how the particular axes are localized and how the arrange- 
ment of the whole series of axes, e. g., a ring of tentacles, is deter- 
mined. 


THE LIMIT OF INDIVIDUAL SIZE 


If the conception of dominance and physiological isolation dis- 
cussed in this chapter is correct, it follows that unless other factors 
are concerned, the length of any individual axis must be determined 
by the range of dominance. If the length of the axis increases be- 
yond the range of dominance, or if the range of dominance decreases 
below the length of the axis, or if dominance is otherwise interfered 
with, physiological isolation occurs and a new individual may arise. 
In the plants and the simpler animals these are apparently the chief 
factors in determining the size of the individual and, as might be 
expected, individual size shows very wide variation according to 
conditions. 

Another factor or group of factors is concerned in determining 
size, particularly in the more highly specialized organs and organisms. 
This is the decrease and cessation of growth with the progress of 
differentiation. Even in the plants such organs as Jeaves and parts 
of flowers usually lose the ability to grow during the course of de- 
velopment, though in some cases it reappears after processes of 
dedifferentiation, as in adventitious buds from epidermal cells of 
leaves. In animals which do not reproduce asexually the rate of 
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growth decreases during later development and increase in size 
finally ceases or becomes very slow. 

There is no doubt that in animals with well-developed nervous 
system the range of dominance increases greatly in the course of 
development and sooner or later exceeds by far the actual size of 
even the largest individual. The nerves of the higher, if not of all 
vertebrates, are capable of conducting impulses to very great, per- 
haps to indefinite distances (see Chap. XI), but the size of the verte- 
brate body is very definitely limited. The limiting factors in these 
cases are the factors which limit growth, not those which limit domi- 
nance. 

Even in the higher animals, however, the range of dominance may 
be very low in early developmental stages and particularly during 
the development of the nervous system the increase in range must 
be very great. If this is true, physiological isolation may occur in 
early stages, even though the individual is of very small size, and 
may be impossible later, although the size is much larger. For ex- 
ample, segmentation, which is probably a limited reproductive 
process in which a certain degree of physiological isolation is con- 
cerned, may occur, even in the higher vertebrates in early develop- 
mental stages, but not in advanced life. 

Nevertheless certain cases of apparent physiological isolation do 
occur in mature life and particularly in old age, viz., the neoplasms, 
especially the malignant forms. In these the isolating factor seems 
usually, if not always to be an irritation of the cells concerned, 7. e., 
it is isolation by local action on the subordinate part (see p. 159), 
though perhaps some decrease in the effectiveness of dominance 
with advancing age may also play a part. In some cases the cells 
of neoplasms show more or less differentiation, but in the extreme 
malignant type they grow and divide indefinitely and this indefinite 
growth constitutes their malignancy. Whether such growth is the 
result of continued action of the factor which initiated the growth, 
or whether the cells have lost their ability to differentiate, is not 
certain. The point of chief importance for present purposes is that 
physiological isolation is apparently concerned in the initiation of 
many, if not all sorts of neoplasms, as well as in normal reproductive 
processes. 


THE FORMATION AND ISOLATION OF SEX CELLS 


The evidence along both morphological and physiological lines 
indicates that the sex cells are as much a part of the body as other 
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cells, that the genesis of the egg and spermatozo6n from the primitive 
germ Cell is a process of differentiation and of senescence comparable 
to that occurring in other body cells, and finally, that the fully de- 
veloped gamete, whether male or female, is a physiologically old 
cell, approaching death, and that the initiation of development leads 
to regressive development and rejuvenescence (Child, 715 b, Chaps. 
ALEX LV): 

The sex cell may retain physical continuity with the protoplasm 
of other body cells up to a late stage, or it may lose this connection 
early and undergo its later development in the fluid of the gonad, 
or, aS in many annelids, in the body cavity. Its loss of continuity 
with other cells seems at first glance to be a process quite different 
from physiological isolation. Certainly neither growth beyond the 
range of dominance nor decrease in dominance are involved and it 
seems highly improbable that dominance is blocked from the sex 
organ. If physiological isolation is concerned apparently it must 
occur through local action on the subordinate part, 7. e., the sex cell. 
It seems to be true that the loss of direct continuity with other cells 
follows the loss of physiological significance of such continuity for 
the growing egg or sperm. In many annelids, for example, connec- 
tion of the egg with other cells has no appreciable nutritive or respira- 
tory function and is lost very early, the fluid of the body cavity serv- 
ing as nutritive and respiratory medium. In many other forms eggs 
receive their nutrition through the region of attachment, and con- 
tinuity persists through the whole growth period, as in the case of 
Sternaspis (Fig. 63), the sea urchin and starfish, most ccelenterates 
and many other forms. In the case of the male cell the nutritive 
requirements are usually much less than for the egg and the fluids 
of the gonad adequate as nutritive and respiratory medium, con- 
seauently continuity with other cells may be lost very early. Accord- 
ing to this view the isolation of the sex cells within the parent body 
is essentially the atrophy or interruption of a connection which has 
become functionless or nearly so, and it is the environment of the 
sex cell, 7. e., the nutritive and respiratory environment, which has 
made the connection functionless. If this interpretation is correct, 
the isolation of the sex cell may be regarded as a physiological isola- 
tion resulting from direct local action on the cell. 

The extrusion of the sex cells from the parent body is perhaps in 
its original, purely physiological significance a process of getting rid 
of waste material. The sex cells have completed their development 
and are approaching death from old age: any endocrine, or other 
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functional relations to other parts of the body which they possess in 
earlier stages have reached a minimum and when they accumulate 
to a certain degree, or under the action of certain external stimuli, 
they are cast off. In the mammal, however, the fertilized egg enters 
into a new functional relation with the parent body and profound 
modification results. Here again, however, a change in the signifi- 
cance of these functional relations results in the separation of embryo 
and parent. 


CHAPTER XI 


IRRITABILITY, EXCITATION AND TRANSMISSION 


The question of the significance of excitation and transmission 
as the primary correlative factor in organismic integration has al- 
ready been touched upon in Chapter V and we have seen in later 
chapters that the axial physiological gradients, the physiological 
axes of individuals, exhibit primarily all the physiological charac- 
teristics of excitation-transmission gradients and that they may be 
determined by local or differential excitation or apparently by any 
environmental differential which gives rise to a persistent local differ- 
ence in rate of fundamental metabolism (Chap. IX). In ‘‘The Ori- 
gin and Development of the Nervous System” the various lines of 
evidence were brought together which indicate that the physiological 
conditions determining the structural and functional origin and de- 
velopment of the nervous system in the individual themselves origin- 
ate in excitation and transmission. Certain aspects of the problem 
of excitation were considered in Chapter IV of that book, but for 
present purposes a somewhat more extended survey, particularly of 
the development of present conceptions of excitation, transmission 
and the more highly specialized conduction seems necessary. 


THE PROBLEM OF THE NATURE OF EXCITATION AND TRANSMISSION 


In the consideration in Chapter V of excitation and transmission 
as factors in physiological correlation, attention was called to the 
following characteristics of the excitation-transmission change in 
protoplasms: first, all living protoplasms are to some extent irri- 
table or excitable and capable of transmission. Second, excitation 
is a dynamic change involving increased energy-liberation in the 
protoplasmic system. Third, it is initiated by the impact from with- 
out of some form of energy upon the protoplasm excited ' and the 
relation between the exciting factor and the process of excitation 
is non-specific, in other words, the same excitatory changes may be 
induced by different forms of external energy. Fourth, transmission 


1The question whether or to what extent “self-excitation” may occur and 
whether the so-called automatic tissues are really self-exciting is considered 


below (pp. 184-186). 
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results from the fact that an excited region is capable of inducing in 
some way excitation in adjoining regions within a certain distance. 
Fifth, in non-nervous transmission and in nervous transmission under 
certain conditions a decrement in intensity or energy, in short of 
physiological effectiveness, of the excitation very generally, if not 
always, occurs. In other words, the excitatory change loses in effect- 
iveness in the course of its progress, so that finally at a greater or 
less distance from the point of origin, it is no longer effective in ex- 
citing further points and so transmission ceases. And finally, no 
specialized structure of any sort beyond that of a living protoplasm 
with limiting surface is necessary for the occurrence of excitation 
and transmission. The excitation itself makes the excited region 
different at least temporarily from unexcited regions and the trans- 
mission of excitation brings different and often widely distant re- 
gions into correlation. The action of the external exciting factor 
determines regional differences and relations of organismic charac- 
ter and magnitude in the protoplasm. In short, as pointed out in 
Chapter V and in “The Development of the Nervous System” 
(Chap. V) excitation and its transmission, apparently give rise to a 
temporary pattern and relation of the simplest and most primitive 
organismic character possible between regions or parts, and this pat- 
tern is in its simplest terms a physiological gradient. So far as de- 
termined, this gradient differs from the axial physiological gradients 
of axiate organisms chiefly as being less permanent and more im- 
mediately dependent on the action of the external factor. Appar- 
ently the excitation-transmission gradient and the physiological 
axis in its simplest terms are fundamentally similar or identical phe- 
nomena in living protoplasms. If this is actually the case, a knowl- 
edge of the nature of excitation and transmission is of fundamental 
importance for an adequate conception of the individual organism. 

Unfortunately our knowledge of excitation and transmission is 
still very incomplete. Investigation has naturally been largely con- 
cerned with the most excitable tissues, nerve and muscle and with 
these tissues in their most highly specialized forms in the higher an- 
imals. Even in some of the recent works on general physiology, ex- 
citation and transmission are discussed primarily from the view- 
point of nerve and muscle physiology, and little attention is given 
to their significance for the behavior of living protoplasm in general. 
Certain features of the development of our conception of excitation 
and transmission are of interest here and are briefly discussed in the 
following paragraphs. 
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Earlier theories of excitation and transmission. — The complex- 
ity of the dynamic changes in living protoplasm and the difficulties 
involved in obtaining positive and exact knowledge of them and their 
relations to each other have made advance in this field slow, and 
this situation has favored the formulation of widely different hy- 
potheses. With the development of physiology and the experimen- 
tal method, the older metaphysical hypotheses of vital spirits and 
their flow through the nerves gave place to physical and chemical 
hypotheses, but even these differ widely.’ 

Galvani’s discovery that excitation and transmission in nerves 
could be electrically induced led him to believe that the principle 
of electricity and of nervous function are the same. Since Galvani’s 
time it has been abundantly demonstrated, on the one hand, that 
electric changes may bring about excitation, not merely in nerve but 
in other kinds of protoplasm, and on the other, that changes in elec- 
tric potential are involved in excitation and transmission. The be- 
lief that the electric changes are in some way of fundamental impor- 
tance in excitation and transmission and the hope of attaining a 
solution of the problem by investigation of these electrical phenom- 
ena and their experimental modifications has been responsible for 
the great development of electro-physiology during the latter part 
of the last century.2. During this period widely different hypotheses 
concerning the origin and réle of the electric changes in excitation 
were advanced. Originating perhaps in Du Bois Reymond’s hy- 
pothesis of the electromotor molecule, the belief in the purely phys- 
ical origin of the electric phenomena was widespread and appeared 
in various forms. On the basis of the experiments by Matteucci 
the conception of the nerve, or at least the medullated nerve, as made 
up of two different conductors, 2. e., the axis cylinder and the medul- 
lary sheath, between which electric polarization occurred, was de- 
veloped in various publications by Hermann * and others. Boruttau 


1 Only a few of the more important points can be mentioned in the text. For 
any adequate appreciation of the various theories and the enormous bibliography 
of this very interesting chapter of the history of biology, the reader must refer 
to the discussions, general surveys and reviews of the subject which have been 
published from time to time: e. 9., Hermann, ’79; Biedermann, ’96, ’03; Hering, 
79, ’88, 99; Boruttau ’01 b; Cremer, ’09; Verworn, 06, 13, Chaps. V, VI; Bern- 
stein, 12. References to the work of R.S. Lillie, Loeb, Tashiro, Mathews, Lapic- 
que, Lucas, Adrian and others are given below. The discussions of excitation 
and transmission in the text-books of physiology are usually very largely con- 
cerned with the phenomena in nerves and muscles of the higher animals. 

2 For the theories and literature of this period see Biedermann, ’96, ’03; Bern- 
stein, 712. seh 

3 See Hermann, ’79, 99, and other references cited by Biedermann, ’96, ’03. 
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(00, ’01 a, b, 02) and Hoorweg (’01) went so far as to maintain that 
between the point of original excitation and the end organ there was 
no transmission of excitation in any physiological sense, but merely 
of electrical changes. Various other authors also held that the proc- 
ess of transmission is something quite distinct from excitation, 7. e., 
that the excitatory change itself is not transmitted. Hermann, how- 
ever, insisted that with electric polarization without excitation in a 
physiological sense a wave-like transmission could not occur. More 
recently, Bose (’02, ’06, ’07, ’13) on the basis of extensive investi- 
gation of the electrical features of response in plants and in metals, 
maintains that excitation is fundamentally 4 molecular, a physical 
disturbance. Macallum (’11) has suggested that the electric phe- 
nomena in nerve may originate in surface tension changes. 

But even during the period when these purely physical concep- 
tions of excitation and transmission were very generally current, 
various physiologists called attention to the probable significance of 
“nhysiological factors,’ 7. e., factors characteristic of living proto- 
plasm and including the chemical reactions of metabolism. Hermann 
in some of his earlier papers (’67 a, b) maintained that excitation 
of a nerve results from a sudden acceleration of metabolic proc- 
esses. Later, however, he abandoned this purely chemical view 
as incomplete, but insisted on the importance of a “physiological 
z.”’ Hering (’79, ’88) also maintained that the electric phenomena 
of nerve and muscle result from changes in chemical function. Bied- 
ermann (’96), a pupil of Hering, adopted essentially this viewpoint 
and called it the Hermann-Hering theory.! Waller (’97, ’03) main- 
tained that metabolism was concerned in the electric phenomena 
of excitation and tramsmission. Bernstein (’99) and Hérmann (’99) 
developed the idea that irritable substance consists of chains of mole- 
cules surrounded by nutritive fluid. These molecular chains may 
take up certain atoms or atomic groups from the nutritive fluid and 
these are given off or broken down in functional metabolism and in 
excitation. According to Hérmann, transmission is a transmission 
of chemical reactions and is not necessarily associated with electric 
changes. 

Later theories of excitation and transmission. — With the rapid 
development of physical chemistry toward the end of the nineteenth 
century, the application of its conceptions to the phenomena of excita- 
tion and transmission began. The theory of electrolytic dissociation 
with its definition of the ion as an atom or atomic group bearing pos- 

1 For a more extended account of these views see Hyman and Bellamy, ’22. 
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itive or negative electrical charges, offered new possibilities of account- 
ing for the electric phenomena characteristic of excitation and trans- 
mission. The rapid increase of knowledge concerning the properties 
of colloids in general and especially of semipermeable membranes has 
likewise afforded general ideas which have played an important 
part in the more recent development of our conceptions of these and 
many other physiological processes. Applications to the problem of 
excitation and transmission of some of these principles and conceptions 
of physical chemistry were soon made by Bernstein, Nernst, Loeb, 
Lapicque, Boruttau and many others. Loeb, for example, showed in 
a series of papers the important part played by ions in excitation and 
inhibition. Nernst (’08) advanced a theory of electrical stimulation 
in terms of polarization effects in relation to a semipermeable mem- 
brane. Lapicque presented much experimental evidence in favor of 
the view that excitation is a process of polarization and also called 
particular attention to the chronological factor in excitation. He 
showed that an electric current of a certain intensity must act for a 
certain length of time to excite and on this basis he established a 
chronological coefficient which he called chronaxie. This coefficient 
differs in different nerves and muscles and with different conditions 
and this difference, heterochronism, is of great physiological impor- 
tance. And finally, he maintained that all these features of excitation 
can be interpreted in terms of electrical polarization of semipermeable 
membranes.2. This conception of excitation, like various others 
of this period,’ is essentially electrolytic in character, but some physiol- 
ogists maintained that the chemical reactions of metabolism play 
an essential part in the complex of changes which constitute excitation. 
Among the theories which belong to this group, that of Verworn 
(713) asserts that excitation is fundamentally an acceleration in the 
rate of breakdown or protoplasmic molecules so labile that the exci- 
tatory process may be regarded as more or less explosive in character. 
Verworn also points out that the necessity of oxygen for the main- 
tenance of irritability in aérobic organisms indicates that oxidation is 
a fundamental factor in the reaction. As regards transmission, he 
holds that the experimental evidence supports the view now generally 


1 See Loeb, ’06, Chap. V and numerous special papers of earlier and later date. 

2 For Lapicque’s conception of excitation as polarization see more particularly: 
L. Lapicque, ’07 a, b, ¢, d, e, 08 ¢, 09 b; Lapicque et Petetin, 10. For ‘“‘chro- 
naxie”’ and heterochronism see L. Lapicque, 07 c, e, 08 a, b, ’09 a; L. et M. 
Lapicque, ’03, ’12a, Lapicque et Legendre, 713. 

Peg. Mathews, ’01, ’02, ’03, ’04, ’05; MacDonald, ’05; Lasareff, '18 and 


various others. 
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accepted, though opposed by some of the earlier authorities, that the 
excitation itself, not merely some electric or other change, is trans- 
mitted. Nevertheless, electric changes resulting from the decomposi- 
tion of the labile molecules at one point are regarded by Verworn as 
the factors primarily concerned in inducing the decomposition at 
another point. Ifthe colloid membranes of protoplasm are permeable 
to positive, and not to negative ions, the chemical decomposition at 
the point of primary excitation brings about changes in electric 
potential with flow of current, and this initiates the decomposition 
at another point. R.S8. Lillie’s theory considered below is somewhat 
similar to this as regards réle of the electric current. 

It is well known that excitation in organisms generally and in 
many organs is associated with increased respiratory exchange, and 
Tashiro has recently shown that excitation in the nerve fiber is ac- 
companied by increase in CO, production ! and various other authors 
have found that metabolism occurs in nerve and is increased during 
excitation.” Mathews (’15, pp. 584-593) also regards metabolism 
as a fundamental factor in nervous excitation. 

Lillie’s theory of excitation and transmission. — In the course of 
the last twelve years R. 8. Lillie* has developed a general theory 
of excitation in terms of current physico-chemical conceptions and 
based on extensive experimental evidence. Because this theory 
represents the most recent generalization in this field of physiology, 
because it is not merely a speculative modification of earlier theo- 
ries, but is based on various lines of experimental investigation, 
because it is concerned to some degree, not only with the highly spe- 
cialized processes of nervous excitation and conduction, but with 
excitation and transmission in general, and finally, because it will 
serve very well as a point of departure for discussion of the relations 


1 Tashiro, ’17 and earlier papers. Bayliss and Lucas have criticised Tashiro’s 
conclusions, in part on the ground that Hill (’12) has been unable to discover 
any appreciable heat production associated with the nervous impulse. They 
suggest that the carbon dioxide may be dissolved in the tissues and that its in- 
crease on electric stimulation may be due to the rise in temperature. The dem- 
onstration by Riggs (19) that chemical, as well as electrical stimulation is 
accompanied by increase in CO2 appears to answer this objection. Moore (19), 
using a colorimetric method, was unable to confirm certain of Tashiro’s results, 
but Tashiro and Hendricks (’21) maintain that the colorimetric method is un- 
suitable because the nerve produces a volatile base, presumably ammonia, as 
well as CO2. More recently Sheaff (’22) has determined the oxygen consumption 
of resting and stimulated nerve, the latter being two to four times the former. 

* Thunberg, Skand. Arch. Physiol., XLIII, 1923 and papers there cited. 

*R.S. Lillie, 09 a, b, c, ’11, 713, 14, 15, 16a, b, ’17, ’18, ’19, 20, b, ¢, ’22, 
723; R. 8S. Lillie and E. N. Johnston, ’19. 
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between excitation-transmission phenomena and physiological gradi- 
ents, its chief points must be stated somewhat fully. 

Various experimental data, as well as theoretical considerations, 
indicate that protoplasmic limiting surfaces, the plasma membranes, 
are the seat of electrical polarization, and the belief in the existence of 
such polarization is widespread among physiologists. Moreover, 
the so-called membrane theory of stimulation (Nernst, ’08) has been 
very generally accepted. According to commonly accepted views 
the membrane in the unexcited condition acts as if it were permeable 
or reversible to certain or all positive ions and impermeable or less 
permeable to certain negative ions, which are present in higher con- 
centration in the cell than outside. Consequently the unexcited 





Fic. 144.—Diagram illustrating transmission wihout decrement. Explanation 
in text. 


membrane is electropositive externally, electronegative internally. 
Proceeding on the basis of these conclusions, Lillie’s experimental in- 
vestigations have provided many new data in support of the view 
that excitation involves an increase in permeability to the negative 
ions and that consequently a more or less complete depolarization of 
the membrane is associated with excitation. Since the increase in 
permeability permits the negative ions to pass out, some or all of the 
positive charges on the outside of the membrane will be neutralized 
and the region of excitation will show externally an increased elec- 
tronegativity (negative variation), which must be accompanied by an 
increased electropositivity internally.1 These changes in electric 
potential determine electric currents between excited and unexcited 
regions, and Lillie agrees with certain of the earlier investigators in 
regarding the electric currents initiated by the excitation at one 
point as the means by which transmission of the excitation to ad- 
joining regions 1s accomplished. The action of these currents is 
briefly as follows: since the excited region A (Fig. 144) is electro- 


1 According to recent work by Heilbrunn (23), protoplasm, at least the proto- 
plasm of certain animal eggs, bears a positive electric charge internally and a 
negative charge externally. If this is true for protoplasm In general, it appears 


that the electrical changes which have been found to be associated with excitation 
must involve an increase in the potential difference across the membrane. 
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negative externally and electropositive internally to an unexcited 
region B, the positive current must flow from A to B through the 
tissues and in the opposite direction through the external medium. 
Such a current must increase the external electronegativity and the 
internal electropositivity of all other parts within the range of effec- 
tiveness, A B, determined by strength of current and resistance. At the 
same time it must decrease the external negativity and the internal 
positivity at A. In other words, the electric currents produced by 
excitation at A bring about excitation at other points within a certain 
range, AB, and at the same time tend to reverse the state of excita- 
tion at A and to bring about repolarization of the membrane there. 
As points between A and B become excited they likewise become the 
source of electric currents, and if the excitation at these points is of 
the same degree or intensity as that at A these currents at B will 
excite points within the range BC and thus transmission to an in- 
definite distance without decrement may occur. Because of the 
existence of a refractory period following excitation, the excitation of 
B and of C cannot reéxcite A and by the time A has recovered from 
the refractory period the wave of transmitted excitation is so far 
distant that A is beyond the range of the currents arising from it. 

This brief sketch will perhaps suffice to indicate the lines along 
which Lillie’s interpretation of excitation and transmission proceeds. 
He has also made various suggestions concerning details of the process, 
but only certain of those need concern us here. In one of his earlier 
papers he says regarding permeability that the evidence indicates 


“that the change in permeability associated with stimulation is not a direct 
effect due to merely physical changes in the protoplasmic surface layer, 
but is the consequence of a chemical reaction which alters the character 
of the surface film and temporarily deprives it of its normal semipermeable 
and electromotor properties, and that this chemical process may in a highly 
irritable tissue like nerve be initiated by any slight local decrease in polariza- 
tion, provided the change is sufficiently rapid” (R. 8. Lillie, 14, p. 448). 


In various other later papers 1 he maintains that the chemical reac- 
tion involved in the increase in permeability is a metabolic reaction 
probably oxidative in nature. Whether this chemical reaction or 
some colloidal change or a change of some other sort is the primary 
effect of the depolarization Lillie does not attempt to say, but since 
the whole series is indissociable and mutually related, it makes little 
difference which factor we regard as primary and which as secondary. 


*R.S. Lillie, ’17, pp. 80-82; ’18, p. 3; 719, p. 458; ’22, p. 17. 
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It is not impossible that, at least in some organisms or tissues, the 
primary change may differ with different forms of energy as exciting 
factors. 

This conception of excitation and transmission resembles that of 
Verworn and some others in insisting that a chemical reaction is a 
fundamental factor somewhere in the process. It is evident that 
according to such a theory the velocity of transmission of excitation 
is not the velocity of electric transmission, but a variable dependent 
upon the velocity of the chemical reactions and any other changes 
concerned in giving rise to the electric currents. 

As we have seen, changes in permeability and in electric polar- 
ization of membranes are, according to Lillie, essential factors in 
excitation and transmission. If this is the case, it follows of course 
that excitation and transmission are phenomena of plasma mem- 
branes or of limiting surfaces in protoplasm. Such semipermeable 
membranes or limiting surfaces are commonly believed to constitute 
the external boundaries of all cells and protoplasms, but it may be 
pointed out that limiting surfaces or membranes must also exist 
between the colloid phases in the interior of protoplasm and the possi- 
bility exists that excitation-transmission phenomena, differing perhaps 
in certain respects from those occurring at the external limiting 
surfaces, may take place in the limiting surfaces of the continuous 
phase of the protoplasm. The assumption made by some that exci- 
tation and transmission are phenomena of external cellular or proto- 
plasmic surfaces only, seems therefore unnecessary. 

Lillie has devised inorganic models of excitation and transmission, 
consisting of iron wire, the excitation being the activation of the 
surface of the wire which has previously been passivated. The 
activation supposedly consists in the decomposition of a surface 
film previously formed by the action of strong nitric acid (R. 5. 
Lillie, 718, 19). Excitation in such models may be brought about 
electrically or by other means, even mechanically, and the excitatory 
change is transmitted by means of the electric currents associated 
with the chemical change at any point. The velocity and range of 
transmission differ according to experimental conditions and can be 
controlled and modified. These models also show the refractory 
period following excitation and a gradual recovery of transmissivity 
(R. S. Lillie, ’20). 

The advance of our knowledge of the phenomena of excitation and 
transmission in general makes it more and more probable that they 
are very complex processes, involving, as Lillie maintains, both chemi- 
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cal reaction, probably the fundamental metabolic reactions, and 
physical changes. Various facts, such as the difference in rate of 
transmission in different protoplasms or in the same protoplasm 
under different conditions, e. g., at different temperatures, the re- 
lation between oxygen and excitability and between respiration and 
excitation, etc., indicate clearly that the electrical changes are closely 
associated with and dependent upon other changes, probably usually, 
if not always, chemical. And finally, the evidence points more and 
more definitely to the electric currents and their effects as the factors 
determining the progress or transmission of excitation from point to 
point. Lillie’s theory takes all these and various other points into 
consideration and may therefore serve as a general foundation for 
the following discussion, but it may be pointed out that the inter- 
pretation of the physiological gradients and their significance for 
the organism in terms of excitation and transmission is not de- 
pendent on this particular theory of excitation nor upon any other, 
but is based primarily on experimental evidence from many different 
lines. 


PRIMITIVE AND SPECIALIZED EXCITATION PROCESSES 


Excitation and metabolism. — As already noted above, many of the 
earlier physiologists believed that metabolism is not concerned in nerv- 
ous conduction, while others maintained that it is an essential fac- 
tor. Certainly the natural conclusion from Tashiro’s demonstration 
of increase in CO, production during stimulation in nerve is the one 
which he draws, viz., that oxidative metabolism is concerned in the 
process, but certain critics have questioned the correctness of his 
conclusions on various grounds, some of which are certainly not ade- 
quate (see pp. 178, 190). For example, Hill’s failure to find appre- 
ciable heat production in nervous excitation has been regarded by 
some as conflicting with Tashiro’s conclusions, since oxidation, if it 
occurs, ought to liberate heat. According to current views, neweren) 
oxidation is an essential factor in the production of light by living 
organisms, but no appreciable heat production has been observed in 
bioluminescence. Light production is unquestionably one form of 
excitatory change and if oxidation without heat production may oc- 
cur in it, it seems possible that it may also occur in other forms of 
excitation. 

In view of all the facts it appears improbable that any sort of ex- 
citation or transmission is possible in any sort. of living protoplasm 
without at least some metabolic change at some stage of the process 
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between its initiation and the attainment of the ‘‘resting’’ condition. 
A point to which I wish particularly to call attention, however, is 
that the processes of excitation and transmission are not necessarily 
exactly the same in character in all protoplasms and perhaps not even 
in the same protoplasm under different conditions. Whatever the 
nature of the processes in certain highly specialized tissues, it is a well- 
established fact that increase in rate of respiration is a characteristic 
feature of the more generalized and more primitive forms of excita- 
tion in living protoplasm. In short, it appears to be true, essentially 
as Verworn (13, Chap. V) maintains, that excitation in general is 
primarily an acceleration in the rate of living, or in certain fundamen- 
tal dynamic factors of life, and we may agree with Verworn on this 
point, even though we differ from him as regards what constitutes 
living. 

Living in different protoplasms and even in different organs and 
tissues and in different stages of development of a single organism 
does not remain the same complex of changes. Factors in the complex 
which are closely associated in primitive protoplasm may be more or 
less independent in some highly specialized tissues and vice versa. 
In primitive protoplasm, for example, changes in permeability appear 
to be closely associated with changes in metabolic conditions, but in 
highly specialized membranes with definite physical structure, 
changes in permeability, at least to certain substances, probably 
occur with little, perhaps with no metabolic change. It is conceiv- 
able that in some forms of excitation physical changes in permeabil- 
ity, surface tension, etc., may be the primary factors and the metabolic 
changes may be merely incidents or results. In other forms the re- 
verse may be the case. Moreover, excitations of different degree or 
intensities may differ in character: a weak excitation may bring about 
only the decomposition of certain molecules and certain physical 
changes, while a strong excitation may bring about also the break- 
down of other molecules with formation of other products and the 
determination of other physical changes. Excitation and transmis- 
sion undoubtedly differ in character, not only with differences in the 
protoplasms in which they occur, but also with differences in the 
environmental conditions. Nevertheless, in a broad sense, excita- 
tion, particularly in its more primitive forms, appears to be fundamen- 
tally an acceleration in rate of living. 

Excitation in different protoplasms and in a particular protoplasm 
under different conditions differs also as regards the rate at which 
the acceleration occurs. In general the more primitive excitation 
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processes are the slower, the more highly specialized the more rapid, 
nervous excitation being the most rapid of all. In fact, an important 
feature of the specialization of excitation consists in decrease in the 
latent period, 7. e., the time between the impact of the external 
factor and the excitation itself. The velocity with which the excita- 
tion rises to its maximum after initiation also increases in general 
with specialization. Evolution of the excitatory mechanisms and 
processes along these lines has been of fundamental importance in 
the evolution of structure and function in general. Without such 
evolution of excitation and its mechanisms, structural and functional 
evolution along other lines, particularly as regards animals, would 
have been very narrowly limited. 

To sum up, the conception of excitation to which the facts point 
us is not that of a process sw generis superimposed on life by the im- 
pact of energy from without, but rather that of excitation as life it- 
self accelerated by these impacts. 

Rhythmicity, automaticity, self-excitation. — It is evident that in 
general excitation occurs as a response to action of a factor external 
to the protoplasm concerned, but the question whether any kind of 
protoplasm is capable of self-excitation requires some attention. At 
first glance many cases of rhythmic contraction of muscles suggest 
an “internal stimulus” or self-excitation. Such contractions have 
been observed in smooth, cardiac and skeletal muscle under various 
conditions in which nervous or other rhythmic excitation from with- 
out is excluded. For example, rhythmic contraction of smooth muscle 
fibers has been observed in tissue cultures by M. R. and W. H. Lewis 
(17) and of skeletal muscle fibers by M. R. Lewis (15). Wintrebert 
(20) states that rhythmic contractions of the myotomes occur in 
certain fish embryos before nervous connections are established. 
These contractions pass both anteriorly and posteriorly from a myo- 
tome acting as pacemaker, but this function of pacemaker moves 
from myotome to myotome in the posterior direction as development 
advances. It is a familiar fact that heart muscle, completely isolated 
from nerve centers may contract rhythmically under a continuous 
stimulus such as a constant current. Biedermann, Loeb and others 
have observed rhythmic contraction of isolated skeletal muscle in cer- 
tain salt solutions.!' There is also considerable evidence indicating 
the presence of a rapid rhythm in at least some nervous stimuli. 
Various other organs, from cilia and flagella through different de- 


‘See, for example, Biedermann, ’80; Loeb, ’99 b, ’06, pp. 120-140, also various 
special papers. 
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grees of motor specialization, show either rhythmic response to con- 
stant stimuli or rhythmic behavior in the apparent absence of exter- 
nal stimuli. 

The usual interpretation of rhythmic response to constant stimuli 
is based on the existence of a refractory period. For a certain length 
of time after a response the organ is not excitable; then excitability 
gradually returns until the point is reached at which the constant 
stimulus initiates a new response, and so on. For those cases in which 
a constant stimulus of any kind is known to be present this interpre- 
tation appears to be satisfactory, but the question whether a stimulus 
of any kind, rhythmic or constant, is present in all cases of rhythmic 
activity remains. It has been maintained by certain authors that 
some such activities result from alternate accumulation and sponta- 
neous breakdown of excitable material, 7. e., that a real self-excitation 
occurs. This view, however, does not appear at present to have any 
adequate physico-chemical basis. 

It may still appear difficult, however, to account for such cases as 
the rhythmic contractions of muscle fibers in tissue cultures or even 
of certain myotomes in embryos in the absence of nerves. But even 
in these cases there is the possibility of stimulation by mechanical 
tension. The Lewises state that the muscle fibers in their cultures 
appear to be under more or less tension and the cytoplasm is elastic. 
Moreover, stretching them often serves to initiate rhythmic contrac- 
tion. In the case of the myotomes the tensions associated with growth 
may start the rhythm in a particular myotome at a certain stage. In 
a recent paper E. J. Carey (’21 b) has laid great stress on the impor- 
tance of mechanical tension in determining, not only the development 
and differentation of muscle, but rhythmic response. He maintains 
that the stimulus to the heart beat is primarily the tension caused by 
the blood and that the continuation of the beat in the differentiated 
heart in the absence of blood results from the reciprocal tension of 
different muscle layers or regions. Carey does not discuss those cases 
in which heart beat begins in the absence of circulation, but if it is 
true that tension is the essential factor, the tensions associated with 
growth and development may be effective on the heart in the absence 
of blood, or fluid accumulating in the cavity of the heart may exert 
tension in the absence of circulation. 

In the cases of muscles contracting rhythmically in salt solutions 
mechanical tension is not necessary and the stimulus must be chemi- 
cal or electrolytic. Concerning the origin of rhythm in nervous dis- 
charge we know practically nothing beyond the fact that it is not di- 
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rectly dependent upon a rhythmic stimulation, but may occur even 
with a single stimulus. Given the original stimuiation, the rhythm 
of the nervous impulse must result from conditions within the cell, 
but, so far as we know, impulses do not originate without a stimulus 
of some sort from without.1_ What appears to be spontaneity may be 
in some cases merely failure to recognize the exciting factor and the 
relation between this factor and the response may be so indirect that 
recognition is difficult.?2 As the facts stand at present there is no 
reason for assuming the occurrence of self-excitation. Spontaneity 
in the strict sense is far from being a demonstrated fact. One cell re- 
gion, cell or cell group may of course excite another, but the original 
source of excitation and of the initiating energy is apparently always 
outside the region, cell or cell group excited. Transmission in all its 
forms from the primitive protoplasmic transmission to the highly spe- 
cialized nervous conduction is such excitation of one region by energy 
transfer from without. 

These conclusions of course raise the question whether, or to what 
extent life itself is fundamentally excitation, that is, whether it would 
not in the absence of the energy relations to the external world 
undergo gradual retardation and finally attain a static equilibrium. 
Doubtless so long as material exchange between a protoplasm and 
its environment occurred, certain chemical reactions would go on, but 
it is by no means certain that such reactions alone would constitute 
anything that we could recognize as life. Certainly without excita- 
tion nothing in the way of reaction or response to an environment 
could occur and to most biologists it is this capacity for response 
that distinguishes the living from the non-living. 


DECREMENT, EXCITATION-TRANSMISSION GRADIENTS AND ‘‘ALL-OR- 
NONE” REACTION 


The decrement in intensity, energy or in short effectiveness of 
excitation which is characteristic of many forms of transmission 
has been repeatedly discussed in earlier publications (Child, 715 b, 
Chaps. II, V, VI, ’21, Chaps. IV, XII). This decrement apparently 


1Some discussion of the rhythms of nervous discharge and their probable 
réle in the analysis and correlation of neuromotor activities in higher animals 
will be found in Herrick’s work (’24, Chap. IX). 

? Herrick (’24, Chap. II) points out that automaticity, or spontaneity in the 
restricted sense of internally excited activity, seems to be an important factor 
in progressive evolution, especially in higher animals, leading up to trial-and- 
error reactions, active search for satisfying stimuli and the impulse toward self- 
satisfaction and self-realization in the psychological field. 


IRRITABILITY, EXCITATION AND TRANSMISSION 187 


resembles the decrement which we find in various forms of physical 
transmission, water waves, sound waves, etc. In general, the dec- 
rement in physiological transmission is more conspicuous in the 
more primitive forms of excitation, but we sometimes find that in 
the same protoplasm a marked decrement occurs in transmission of 
a weak excitation while in transmission of a strong excitation the 
decrement may be much less or is apparently absent. 

In all cases where such a decrement is present an excitation-trans- 
mission gradient results, that is, the degree, intensity or energy of 
excitation is greatest at the point of origin and decreases from that 
to some more or less distant point where it becomes inappreciable 
or ineffective. That such gradients are of very general occurrence 
in the less highly specialized forms of excitation and transmission 
is well known. Among the lower invertebrates, for example, . we 
frequently see that the muscular contraction or other effect of a 
local excitation gradually decreases with increasing distance from 
the point of original excitation and at a certain distance ceases. As 
yet we have no exact knowledge concerning the slope or steepness 
of such excitation-transmission gradients and their relations to dif- 
ferent physiological and other conditions; while we have no certain 
direct measure of the strength, degree or intensity of excitation, there 
can be no doubt that in the less highly specialized forms the 
length of the gradient, 7. ¢., the effective range of transmission, very 
generally varies with the degree of the original excitation, as indi- 
cated by certain of its effects, and with the conductivity of the pro- 
toplasm, as determined first by its specific constitution and second 
by its physiological condition at the time (see for example Verworn 
13, Chap. VI). On the other hand, it is commonly believed by phys- 
iologists that the specialized conduction process in the nerves of 
higher animals occurs normally without a decrement, 7. ¢., that its 
range is indefinite. But under certain conditions, e. g., low temper- 
ature, partial anesthesia, a very distinct decrement is present, even 
in such nervous conduction (Verworn, 713, Chap. VI; Lucas and 
Adrian, ’17). Moreover, even in rather primitive nervous systems 
such as the nerve net of certain ccelenterates slight excitations are 
transmitted with a decrement and are limited in range, but, as the 
experiments of Mayer (’06, ’08, 16) and Harvey (’12) on the me- 
dusa Cassiopea show, a sufficiently intense excitation may be con- 
ducted in the nerve net for an indefinite distance. Briefly stated, 
the experiment demonstrating this fact consists in starting a wave 
of excitation in one direction around a ring of tissue cut from the 
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umbrella of the medusa. Conduction of the excitation wave may 
continue for days or weeks until the tissue dies. In such a case the 
impulse passes through many cells and since the cells are essentially 
alike and excitable the impulse continues indefinitely. From such 
facts as these it appears that the presence or absence of a decrement 
in certain nerve paths may depend on degree or intensity of excitation. 

Conduction without decrement in the nerve fiber is interpreted 
as resulting from the all-or-none type of reaction (Verworn, 713, 
Chap. VI; Lucas and Adrian, ’17). According to the current con- 
ception, the all-or-none reaction is a reaction which is maximal for 
all strengths of stimulus above the threshold. In other words, the 
weakest stimulus which is capable of bringing about excitation at 
all brings about just as great or intense excitation as any stimulus 
of greater strength. In this sort of reaction the degree or intensity 





Fic. 145.—Diagram illustrating transmission with decrement. Explanation in text. 


of excitation is entirely independent of strength of stimulus, except 
in so far as a certain minimum strength is necessary to bring about 
excitation. In protoplasms which show this all-or-none form of 
reaction the external exciting factor merely initiates the excitatory 
changes, as the electric spark initiates the explosion, and the further 
changes are determined by the potential energy of the protoplasmic 
or the explosive system. 

At present only suggestions or surmises are possible by way of 
physiological interpretation of the differences between all-or-none 
and other types of reaction, but consideration of certain points is 
of some interest. In the first place, excitation of any point A (Fig. 
145) of a living protoplasm supposedly always gives rise to an elec- 
trical gradient. Since resistance increases with distance, the strength 
of the electric current must decrease with increase in distance of the 
points between which it flows. The strength of current resulting 
from excitation of A decreases progressively through B, C, D, and 
it is evident that at a certain distance, X, from A, it will be so weak 
that it cannot bring about excitation of more distant points. The dis- 
tance AX corresponds to the distances AB, CD, etc., in Figure 132, 
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2 e., it represents the range of physiological effectiveness of excita- 
tion of a given point A. If the excitatory change brought about 
at B, C, D and other points is proportional to, or varies with, the 
strength of the current between A and each such point, the result 
of excitation at A will be merely an excitation gradient extending 
from A to X. In Figure 145 this gradient is indicated in a purely 
diagrammatic way by the shaded portion of the figure, the slope being 
purely hypothetical. In such a case the range of transmission is 
nothing more than the range, AX, of physiological effectiveness of 
the electric current orginating from the excitation at A. This may 
perhaps be regarded as the simplest and most primitive form of 
excitation gradient. Its length may vary widely according to the 
electric change at A and the resistance interposed between A and 
other points. In protoplasms which are but little specialized, e. g., 
the very simple organisms and early stages of development, and 
perhaps in some cases with weak excitation, physiological transmission 
may perhaps be little or nothing more than such an excitation gradient 
determined directly by the electrical gradient resulting from the 
original excitation. 

Between such primitive transmission and the all-or-none type of 
conduction without decrement intermediate transmission forms are 
at least theoretically possible and probably occur. If, for example, 
excitation of the point B (Fig. 145) by the current originating at A 
gives rise to a sufficiently strong electric current to be effective over 
the range BY, the total range of transmission will be extended to 
Y. And if this current arising at B increases the excitation at C the 
current arising at C may extend the range of transmission to a still 
farther point Z. As the range of transmission extends farther, the dec- 
rement of course becomes less steep, until finally the all-or-none type 
of transmission may be attained. From this viewpoint the differences 
between the primitive excitation gradient and all-or-none conduc- 
tion depend upon the differences in what happens at the various 
points B, C, ete., which are excited by the current. If the current 
brings about changes more or less proportional to its strength a dec- 
rement results, but if any strength of current above a minimum de- 
termines maximum excitation, the all-or-none type of conduction 
results. In this latter case, assuming that the electric current re- 
sulting from excitation at A, is effective at all points between A 
and X, all these points will develop a maximal excitation and all will 
give rise to electric currents of the same strength as those arising at 
A. That is, excitation of A will be followed by maximal excitation of 
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the region AX and this in turn by maximal excitation of a region of 
equal length from X onward and so on indefinitely (Fig. 144). Never- 
theless, as noted elsewhere (Child, ’21 a), transmission may show a 
decrement even though it is of the all-or-none type. If the path of 
such transmission, e. g., the nerve fiber, is already a physiological 
gradient of such character that the maximal excitation decreases in 
strength in a certain direction, transmission in that direction will 
show a decrement and, if the path were long enough, might con- 
ceivably attain a limit. In short, the all-or-none type of reaction 
does not necessarily mean absence of decrement in transmission. 

Certain chemical aspects of the specialization of excitation. — As 
regards the differences in the nature of the excitatory changes which 
underlie the differences in transmission, we have no positive knowl- 
edge. Protoplasms in general undoubtedly contain molecules of 
very different degrees of lability and from the facts at hand it appears 
probable that in the more primitive processes of excitation different 
molecules or atomic groups may be concerned in the same protoplasm, 
according to intensity of energy of stimulus and condition of the 
protoplasm. A weak excitation may perhaps involve oxidation of 
only certain molecules or groups and the velocity of this reaction 
and the electric changes will determine a characteristic rate of trans- 
mission and decrement. A stronger stimulus may determine the 
decomposition of other molecules in addition to those susceptible 
to the weaker stimulus and the rate of transmission and the decre- 
ment may be different in this case. In the maximal excitation all 
the molecules capable of reacting at all under the conditions are con- 
cerned and it is apparently demonstrated that, at least in some pro- 
toplasms, such excitation is transmitted without decrement, while 
submaximal excitations, or those below a certain level, are trans- 
mitted with decrement (see pp. 187-188). Frequently also we ob- 
serve differences in rate of transmission with different degrees of 
excitation in the protoplasm. In the ctenophore plate row, for ex- 
ample, as in various other conducting paths, the stronger excitation 
is transmitted more rapidly than the weaker (Child, ’21/a, p: 219). 
In terms of an electrochemical theory such differences in rate of 
transmission mean at least in part differences in the velocity of the 
chemical reactions concerned. 

The specialization of excitable tissues, reaching its highest degrees 
in certain organs of special sense, in nerve and in muscle, appears in 
general to involve as an important factor a specialization of the 
physico-chemical constitution of the irritable substratum of the 
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tissue concerned. In the different sense organs such specialization 
is in different directions according to the form of energy to which 
reaction occurs most readily. In nerve and muscle specialization 
toward the all-or-none form of reaction occurs and in so far as chemical 
factors are concerned in such specialization, they must include an 
increase in uniformity of chemical constitution of the excitable sub- 
stratum and increase in lability, such that any energy transfer above 
a minimum sets the whole mechanism in action as the spark does 
the powder. But of course we do not know whether this lability 
and apparent uniformity of constitution is actually chemical in nature. 

It is an interesting fact that in low temperature or in partial an- 
esthesia the nerve fiber, which normally shows the all-or-none re- 
action transmits with a rather steep decrement. Whether or not 
chemical factors are concerned in this change, it appears to consist 
in a return to the primitive type of transmission with a decrement, 
perhaps to the primitive excitation gradient determined directly by 
the strength of electric current. But as already noted even the nor- 
mal nerve fiber may conceivably represent a gradient in lability or in 
other features of constitution determined in its development and it 
may react according to the all-or-none law and nevertheless show a 
decrement. 

The possibility must also be noted that in the course of evolution 
different factors of the excitation process may play the chief parts 
in different protoplasms or tissues. In the more primitive proto- 
plasms, for example, excitation appears to be rather closely associated 
with the fundamental metabolic reactions and to involve a rela- 
tively large amount of chemical reaction, at least in many cases. In 
striated muscle, on the other hand, the oxidative reactions appear 
to be in large part, if not wholly, an incident or result of the excita- 
tion process in the stricter sense. Forms of physiological excitation 
without chemical reaction are conceivable, though whether excitation 
actually occurs in living protoplasm without any chemical reaction 
may be doubted. The very close relations existing in protoplasm be- 
tween physical conditions and chemical changes leave little room for 
doubt that the two sorts of change are very generally, if not always, 
associated. 


EXCITATION AND TRANSMISSION IN RELATION TO THE BEHAVIOR OF 
ORGANISMS 


We have seen that excitation appears to be fundamentally an 
acceleration in the rate of the changes which are concerned in living 
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protoplasm with the liberation of energy. According to current 
theories it is a change ocurring in relation to protoplasmic mem- 
branes or limiting surfaces, but probably we shall not know exactly 
what constitutes excitation in protoplasm until we know what con- 
stitutes life. But whatever the nature of excitation, living proto- 
plasm is able to transmit it to a greater or less degree. Transmission 
consists essentially of excitation of one point or region by the excita- 
tory changes occurring in another and when such transmission follows 
definite morphological paths such as nerves, it is generally known as 
conduction. This possibility of excitation of one part or region of pro- 
toplasm by another is of fundamental significance in relation to the 
role which excitation plays in the life of organisms. ‘Transmission 
makes possible the extension to the whole cell, cell mass or organism 
of the excitatory change initiated by the external factor at some 
particular point. In Chapters IV and V it was pointed out that a 
relation of dominance and subordination is a characteristic feature 
of organismic pattern and that excitation and its transmission con- 
stitute the physiological basis of this relation and the primary factor 
in the integration of the individual organism out of a specific proto- 
plasm, a cell or a cell mass. According to this conception, excitation 
and its transmission constitute the physiological basis, the starting 
point, of the organism as a whole. Excitation determines physiolog- 
ical differences in different regions or parts, 7. e., the more excited 
and the less excited, and transmission determines an actual physiolog- 
ical relation between them of such character that the more excited 
part brings about excitatory changes in other parts and so dominates 
them. The presence or absence of decrement in transmission and 
the consequent limited or unlimited range of dominance are merely 
features of different protoplasmic constitutions, or perhaps in some 
cases, of different intensities or degrees of excitation and as such have 
been fully considered in another place (Child, ’21 a, Chaps. V, XII, 
XIII). In the more primitive protoplasms these factors determine 
how large a mass of protoplasm or cells of a particular constitution 
can be integrated into an organism, a whole. In the higher animals, 
however, the size of the individual is limited rather by the cessation 
of growth with the progress of differentiation, while the range of 
dominance may be indefinite, at least in certain nervous structures 
(p. 170). 

Excitation and its transmission, then, make possible a change in 
the life of a mass of protoplasm, a cell or a cell mass as a whole in 
consequence of the local action of an external factor upon some part 


IRRITABILITY, EXCITATION AND TRANSMISSION 193 


of it. Such a change is what we call physiological reaction or response 
and this in turn is the physiological basis of what we commonly call 
behavior, 7. e., excito-motor behavior in living organisms. Behavior 
in this sense is fundamentally an ordered and integrated change, 
reaction or response occurring in relation to local action of an external 
energy factor. No one except the vitalist doubts that behavior is 
physiologically a consequence of the irritability of protoplasm and 
that excitation of the irritable protoplasm and the transmission of 
such excitation are the primary factors in each such reaction or re- 
sponse. The ability to react or behave as a whole is a fundamental 
physiological characteristic of the living organism and it is obvious 
that the material relations between the individual and the external 
world are affected by, and in large measure dependent upon, its be- 
havior. In “The Origin and Development of the Nervous System” 
I have considered the various lines of evidence which indicate that 
the nervous system, the organ of behavior par excellence in all animals 
except the simplest, develops in the individual on the physiolog- 
ical basis of an excitation-transmission gradient or gradients. More- 
over, its intimate relation to the primary factors in the integration 
of the organism is indicated by its extremely early differentiation 
preceding that of other definitive organs. The whole development 
of the nervous system is a development of mechanisms of excitation 
and transmission and of relations between them. Of course the partic- 
ular type of these mechanisms and of their relations in any particular 
organism is primarily a matter of the hereditary constitution and 
potentialities of the protoplasm constituting the organism, but in 
the development of the individual certain physiological conditions 
are necessary for the realization of the hereditary potentialities. As 
Lhave endeavored to show, these physiological conditions originate 
in the physiological gradients which are not independent of exter- 
nal factors, but represent the result of the differential action of 
such factors on the protoplasm. The facts force us to the 
conclusion that such physiological gradients are primarily excita- 
tion-transmission gradients. If this is true the physiological basis 
of the behavior of the individual organism and of the organism 
itself as a pattern and integration is the same. From this view- 
point the individual organism the “organism as a whole’”’ is 
not as Morgan (’19, p. 241) puts it, ‘‘the collective action of the 
genes,” but rather the collective reaction of the genes to the differen- 
tial action of environment. We may say then that pattern and de- 
velopment, as well as the function of the individual organism, repre- 
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sent the behavior of the germ plasm in a given environment. Or 
more briefly, the individual organism represents a behavior pattern 
in a specific protoplasm. It is doubtless evident to the reader that 
the whole course of the argument of preceding chapters has been 
concerned with the development of this purely physiological con- 
ception of the individual, but the following chapter is an attempt to 
make the viewpoint still more clear by a summing up, a synthesis 
of the data which underlie the conception. 


CHAPTER XII 


THE INDIVIDUAL AS A BEHAVIOR PATTERN IN A 
SPECIFIC PROTOPLASM 


In the preceding chapters attention has been called to various as- 
pects of the relation between the individual organism and environ- 
ment. That the individual as a pattern in a specific protoplasm has 
no significance except in relation to environment was pointed out in 
Chapter II. Chapter III was concerned chiefly with showing on the 
one hand the impossibility of accounting for the individual in terms 
of purely predeterministic conceptions and on the other the necessity 
for a clear distinction between the potentialities of the hereditary 
mechanism and the realization of certain of those potentialities in an 
individual. The following chapters (IV-IX) constitute essentially 
a consideration of the general physiology of organismic pattern, 7. e., 
of the individual or “organism as a whole,”’ as distinguished from the 
hereditary substratum out of which it develops. This consideration 
has led us to the conception of the physiological gradient as the basis, 
the starting point of the order or pattern and of the integrating mech- 
anism of the individual organism. As I have endeavored to show, the 
conception of the physiological gradient has developed from, and is 
supported by, many different lines of experimental and observational 
evidence. Moreover, it is not in conflict with any data of investiga- 
tion, but only with certain speculative predeterministic and vitalis- 
tic hypotheses. 

It now remains to consider the relation between the more or less 
permanent physiological gradients and the phenomena of excitation 
and transmission and to determine whether the facts justify us in 
regarding the individual organism as a behavior pattern in a specific 
protoplasm. 


THE OCCURRENCE AND SIGNIFICANCE OF EXCITATION GRADIENTS 


As we have seen, excitation in its more primitive forms is very gen- 
erally, if not always, transmitted with a decrement in energy or 
intensity, or, since we do not know its nature, but only its effects, we 
may call it a decrement in physiological effectiveness. Consequently 
the more primitive phenomena of transmission in living protoplasms 
usually appear as excitation-transmission gradients with a certain 
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range and limit of effectiveness. This range of effectiveness may vary 
widely with the degree or intensity of the primary excitatory change 
and with the physiological state, that is, the irritability and conduc- 
tivity of the protoplasm concerned. According to the electrochemical 
theories of excitation, such a decrement results primarily from the 
fact that electrical resistance increases with distance, and in the sim- 
plest forms of transmission the decrement may be little or nothing more 
than the electric decrement due to resistance (pp. 188-189). Only in 
the all-or-none type of reaction is transmission without a decrement 
possible, but even here the decrement is not necessarily absent (pp. 
186-191). The electric gradient is of course present in the wave-like 
conduction of the nerve impulse, even though no decrement in height 
or steepness of the wave occurs. At each level of the electric gradient 
above the threshold maximal excitation occurs. But the excitation 
does not reach the maximum instantaneously. The facts at hand in- 
dicate that after a brief latent period the excitatory change begins as 
a minimal change and requires a certain length of time to attain the 
maximum. The advancing front of the excitation wave is then al- 
ways an excitation gradient from maximum excitation at the summit 
to minimum excitation at the point where excitation is just beginning. 
This gradient of the wave front is then a gradient in degree of excita- 
tion and therefore analogous in a way to the gradient in degree of ex- 
citation characteristic of the more primitive forms of transmission, 
but its relation to the electrical gradient is not necessarily the same 
as that of the latter. Moreover, the gradient of the wave front of the 
nerve impulse is not a stationary gradient but advances, and any 
given point occupies successively every level from the low to the high 
end and from the high to the low end of the descending gradient which 
follows the maximum. Even in the transmission of the nerve im- 
pulse, then a quantitative gradient appears in the wave-like form of the 
impulse, or at least of the electrical changes associated with it. This 
gradient, however, is apparently not simply an expression of resist- 
ance, but may include other factors, such as velocity of reaction at 
any point of the nerve. In short, the nerve impulse is an advancing 
gradient followed by reversal while the primitive gradient is station- 
ary and may or may not be reversible. 

The chief point in this discussion is that a quantitative gradient in 
physiological condition, unquestionably involving both chemical and 
physical factors, is a very general, if not universal characteristic of 
the protoplasmic transmission of excitation. Even in the highly spe- 
cialized nerve fiber of higher animals the electrical gradient is present 
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as in the primitive form of transmission and is undoubtedly associated 
with an excitation gradient. In the most primitive forms of trans- 
mission the gradient is stationary and may persist and become a basis 
for differentiation. In the nerve fiber it is the advancing front of the 
wave-like impulse and undergoes rapid reversal. According toan elec- 
trochemical theory of excitation the existence of such gradients de- 
pends first upon the increase of electrical resistance with distance, 
and second, on the fact that the changes concerned in excitation at 
any given point are not instantaneous, but proceed with a certain 
velocity. 

Moreover, even if the nerve fibers of higher animals conduct im- 
pulses without any decrement so that the changes involved are the 
same in velocity and amount at all levels of the fiber there is good rea- 
son to believe, as Lucas (’17) has pointed out, that certain regions of 
the reflex arc, such as the neuro-muscular junctions and probably the 
synapses between individual neurons, are regions in which a decre- 
ment occurs. If we accept the views which I have advanced else- 
where (Child ’21 a) concerning the relations between the origin and 
development of the nervous system and the general axial gradients 
of the body we must expect to find quantitative differences as re- 
gards excitation in the neurons of different levels of an axis. In gen- 
eral, the neurons developing at the higher levels of an axial gradient 
may be expected to show a greater irritability, 7. e., a lower threshold, 
and probably also a higher excitation maximum than those of lower 
levels. According to this view the reflex arc as a whole originates 
physiologically in an excitation-transmission gradient, which in 
turn is an expression of a more or less permanent physiological gra- 
dient of the body (Child, ’21 a, Chaps. XII, XIII). 

The significance of excitation-transmission gradients in the behav- 
ior of the original organism can scarcely be overemphasized. In the 
simpler organisms, both animals and plants, such gradients determine 
the degree and extent of integration following a particular excitation. 
In such forms the reaction following a slight excitation is more or less 
local and disappears at a certain distance from the point of primary 
excitation, while the reaction to a stronger excitation extends to 
greater distances and may involve the whole body. In hydra or the 
sea anemone a slight excitation of a single tentacle tip brings about 
contraction of only the distal region of the tentacle or of the whole ten- 
tacle, without affecting other tentacles or other regions of the body, 
while a stronger excitation is followed by contraction of a number or 
all of the tentacles and perhaps of the whole body. The behavior of 
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the simpler animals shows everywhere such differences in extent and 
complexity of reaction correlated with differences in degree of exci- 
tation. It is probable that excitation-transmission gradients play a 
part in determining the different behavior patterns exhibited in the 
motor reactions of such forms as the starfish (see pp. 65-66). Cer- 
tainly the differences in behavior of the different arms must be cor- 
related with differences in degree of excitation. 

Even the behavior of higher animals indicates that in the nervous 
system as a whole somewhat similar relations must exist. For ex- 
ample, the summation in the reflex arc of impulses individually too 
weak to be effective suggests the existence somewhere in the arc of a 
region of decrement (pp. 195-197). Again a local excitation of a 
sense organ may at first give rise to a simple reflex action involving 
only certain nerve paths and certain muscles or other effectors. But 
with continuation of the excitation other nerve paths are affected, 
other effectors are involved and sooner or later the whole organism 
may be involved in the reaction. The familiar experiment of local 
excitation of the hind leg of a decapitated frog by mechanical, chem- 
ical or other means affords a good illustration of this point. The first 
reaction is the relatively simple reflex directed toward removal of the 
source of excitation, but if this is not effective and the excitation con- 
tinues, other reflex arcs become involved until finally a large part of 
the skeletal muscular system may take part in the reaction (Her- 
rick, ’24, Chaps. XVII to XIX). 

These few illustrations will perhaps suffice to indicate that 
excitation-transmission gradients are certainly of fundamental im- 
portance in neuromotor behavior. As regards the higher animals the 
situation is of course very complex, but even here it is difficult to go 
very far in a physiological-interpretation of behavior without pos- 
tulating the existence of such gradients in some form or in certain 
parts of the nervous system. But we may go further than this and 
assert, I believe, without exaggeration that the excitation-transmis- 
sion gradient is a factor of fundamental importance in the reactions 
of living protoplasms to their environment. Apparently it is the 
most primitive and most generalized form of reaction of protoplasm 
and therefore the physiological basis of the integrative behavior of 
living things. 


THE REVERSIBILITY OF EXCITATION 


The question whether or not excitation is completely reversible 
has been touched upon elsewhere (Child, ’21 a, pp. 82-85), but its im- 
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portance for the present purpose makes necessary some further dis- 
cussion at this time. We are accustomed to regard excitation as a 
temporary change followed by recovery, 7. e., by return to the condi- 
tion preceding excitation. 

It is of course true that the organism, the muscle or the nerve per- 
sists apparently unchanged as regards its more conspicuous aspects 
after a period of excitation. There are, however, many facts which 
indicate clearly enough that even in the so-called irritable tissues, 
muscle and nerve, some of the changes concerned in or associated 
with excitation are not, under ordinary conditions of individual life, 
completely reversible. In muscle, for example, frequent excitation, 
if not carried to the point of exhaustion, brings about growth, 7. e., 
functional hypertrophy, and other changes in-the muscle, while lack 
of excitation after a certain stage of development results in atrophy 
and disappearance of the muscular tissue. In the earlier develop- 
mental stages the intrinsic rate of metabolism is apparently high 
enough to maintain the muscular structure without external excita- 
tion, but as the tissue grows older and its intrinsic rate of metabolism 
decreases, the increase in rate associated with excitation is necessary 
for its continued existence and may bring about hypertrophy in it. 
The change in form, the contraction of the muscle which is an expres- 
sion of the excitation, is of course completely reversible, but under 
ordinary conditions the process of excitation as a whole is certainly 
not rapidly completely reversible. But changes in condition may 
bring about more or less complete reversal of these effects of excita- 
tion in muscle which are commonly more or less persistent. The 
hypertrophy resulting from a period of activity may disappear dur- 
ing a following period of inactivity and after injury muscle cells may 
undergo more or less dedifferentation. In spite of such changes as 
these, it is true that under ordinary conditions certain of the changes 
associated with excitation are more or less persistent. 

As regards the effects of excitation on the nervous tissues the facts 
are equally clear. Memory, the possibility of learning, the develop- 
ment of habit, all show clearly enough that excitation brings about 
exceedingly persistent changes somewhere in the nervous system. 
Moreover, the changes in form, size and protoplasmic structure of 
nerve cells in relation to excitation, fatigue and recovery are also 
effects of excitation which are much less readily reversible than the 
dynamic changes immediately concerned in the process. Probably 
excitation is as nearly completely reversible in the nerve fiber as 
anywhere, but it may at least be questioned whether even here the 
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passage of excitation does not leave some more or less persistent effect 
beyond that of the brief refractory period. It is highly probable that 
excitation is necessary for the maintenance of the fully developed 
nerve fiber, as it is for muscle, and that the absence of excitation is a 
factor in the degeneration following separation of the nerve fiber from 
the cell body. But whatever the situation as regards the nerve fiber, 
it is certain that in nervous tissue in general certain effects of excita- 
tion may be highly persistent. 

Turning to the question of the persistence of effects of excitation 
and transmission in protoplasms generally, it is evident that, from 
the viewpoint of this book, this question is closely connected with the 
question of the origin and nature of the physiological gradients. Post- 
poning general discussion to the following section, certain facts may 
be noted here, viz., that in certain plants polarity, in certain others 
symmetry is usually determined by light (pp. 58, 115), that polar- 
ity may be electrically determined in certain animals (pp. 111, 115), 
and that in general the physiological gradients which represent phys- 
iological axes in their simplest known terms apparently originate as 
reactions to differentials in external factors which alter primarily the 
rate of living. In the following section we shall see how closely such 
gradients are related physiologically to excitation-transmission gra- 
dients. 

There are of course great differences in the permanency of the rec- 
ord, 7. e., the degree of irreversibility of the effects of excitation in 
different protoplasms. In some simple forms, e. g., Ameba, they ap- 
parently are very largely and very rapidly reversible under ordinary 
conditions, but one of the features of progressive evolution is an in- 
crease in the persistence and stability of such protoplasmic records, 
and this stability or irreversibility attains the most striking manifes- 
tations in the phenomena of memory in the higher animals and man 
(Herrick, ’24, Chaps. V, XX). 


THE PHYSIOLOGICAL AXIAL GRADIENTS IN RELATION TO 
EXCITATION-TRANSMISSION GRADIENTS 


It was shown in Chapter VII that physiological axes and direc- 
tions in which pattern and order arise in individual development ap- 
pear in their simplest known terms and in the earliest stages as quan- 
titative gradients in physiological condition. Although various 
theories of polarity and symmetry postulate a stereochemical or 
other molecular structure and orientation as the basis of these phe- 
nomena, there is no actual evidence that such structure and orienta- 
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tion exists in protoplasm generally, in eggs or in the early stages of 
embryonic development. According to the evidence, physiological 
axes in their simplest terms and their earliest distinguishable stages 
are physiological gradients. 

In Chapter VIII it was shown that these gradients are fundamen- 
tal factors in axiate localization and differentiation, that when they 
are obliterated experimentally, axiate differentiation fails to occur 
and that when new gradients are experimentally established they 
determine new and corresponding axial relations. 

Such gradients exhibit in general the same physiological charac- 
teristics as excitation-transmission gradients except for the fact that 
they are more or less persistent according to the nature of the proto- 
plasm in which they appear. They involve differences in rate of the 
fundamental metabolic reactions, and differences in electric poten- 
tial similar to those observed in excitation and transmission, and in 
many cases differences in permeability of membranes have been dem- 
onstrated at different levels of these gradients and such differences 
are probably present in all. 

In Chapter IX evidence was presented to show that the physio- 
logical gradients, even though in some cases they persist from one 
generation of individuals to another, are not inherent in protoplasm, 
but originate in a reaction of protoplasm to a local or differential im- 
pact upon it of an external factor. Moreover, this relation between 
the protoplasmic reaction which gives rise to the gradient and the 
external factor is not specific, qualitative or material in nature, but 
rather quantitative and dynamic. 

From all these facts only one conclusion appears possible: the phys- 
iological gradient, which according to the evidence at hand, repre- 
sents the physiological axis in its simplest terms, exhibits essentially 
the same dynamic characteristics as the excitation-transmission gra- 
dient and originates, like the latter, as a reaction or response to a local 
or differential action from without. The facts indicate also that the 
essential feature of such action is not its specific character, but its 
quantitative effect upon the rate of dynamic change in the protoplas- 
mic system. This statement may appear at first glance to conflict 
with some of the evidence presented in Chapter IX. For example, it 
was pointed out there (pp. 117-119), that differences in oxygen supply 
or accessibility or differences of exposure permitting different rates of 
CO, discharge are probably in many cases essential or important fac- 
tors in determining new axial gradients. The objection may be raised 
that such relations between protoplasm and environment are material 
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and qualitative in that they involve specific chemical substances. 
This is of course true but it is equally true that these relations also 
possess a quantitative and dynamic aspect. Within certain limits 
the supply or accessibility of oxygen is an essential factor in determin- 
ing the rate of fundamental protoplasmic activities, in other words, 
the rate of living. In general, decrease in oxygen supply below a cer- 
tain level retards, and increase accelerates the rate of living. Simi- 
larly the accumulation of CO, in protoplasm above a certain limit re- 
tards and increase of its rate of discharge accelerates the rate of living. 
As regards some of the specialized mechanisms of higher animals and 
as regards anerobic organisms these statements require qualification, 
or may not be true, but, so far as we know, they hold good for the less 
highly specialized zrobic protoplasms, and it is in such protoplasms, 
if anywhere, that these conditions are effective in determining new 
axial gradients. It has never been maintained that axial gradients 
may not be determined and established by material relations between 
protoplasm and environment, but it is maintained that the essential 
factor of such relations as regards gradient determination, is not their 
specific material character, but their quantitative dynamic effect upon 
the protoplasm. There is then as regards this point no conflict be- 
tween evidence and conclusion. 

Again, it may be pointed out that axial gradients are normally or 
usually determined in different ways in different protoplasms, in 
some cases by light, in some probably by oxygen, in some perhaps by 
gravity, etc. This is true, but this means only that the normal or 
usual factor is the factor to which the protoplasm is normally or 
usually subjected, or which is most effective under natural conditions. 
In experiment the gradients may be determined by other factors than 
those which are normally effective. In the egg of the alga, Fucus, for 
example, the gradient is usually determined by differential illumina- 
tion (pp. 58-61) but as Hurd (19, ’20) has shown, polarities, 7. e., 
the gradients of eggs lying close together are determined with refer- 
ence to each other. In such cases a material relation perhaps to 
oxygen or CO, is apparently the effective factor instead of light. In 
hydroids the axial gradients may be determined by difference in ex- 
posure to water, oxygen or CO, or both, being probably the effec- 
tive factors, but as Lund (’21) has found, the gradients may also 
be determined by the electric current. Under certain experimental 
conditions the polar gradient in the sea anemone, Harenactis, may be 
determined by local injury (pp. 119-121), and while it is not known 
how the gradient is normally determined it is certainly in some other 
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way than this. And finally, it has been shown that axial gradients 
may be altered in the same directions or even obliterated by 
many different chemical agents without relation to the chemical 
constitution of such agents (pp. 104-107). In the light of the 
evidence the only possible conclusion seems to be that any ex- 
ternal factor which is able to alter the rate of the fundamental 
changes concerned in the life of a protoplasm may be effective in 
determining, altering or obliterating the axial gradient or gradients 
in the protoplasm. 

Summing up, the important conclusions from this brief review 
are these: The physiological and axial gradients are primarily quan- 
titative gradients in specific protoplasms; they represent physiolog- 
ical axes and directions of order and pattern in development, in their 
simplest known terms; they show all the physiological character- 
istics of excitation-transmission gradients except that they are 
usually more persistent than the latter. They originate through 
the local or differential action, continued for a certain length of time, 
of external factors which alter the rate of changes fundamentally 
concerned in life. In short, whatever the character of the deter- 
mining factor in a particular protoplasm or under particular 
conditions, the physiological gradients apparently constitute essen- 
tially more or less fixed or permanent excitation-transmission gra- 
dients and become the basis of the further local and regional differ- 
ences which constitute axiate development. 

If these conclusions are correct, the chief difference between the 
axial gradient and the excitation-transmission gradient is the rela- 
tive fixity or permanency of the former as compared with the latter. 
In a particular protoplasm this difference is undoubtedly depend- 
ent upon the difference in the period of local or differential exposure 
to the external factor in the two cases. An excitation-transmission 
gradient may arise from a momentary or very brief exposure, but 
the determination of a physiological gradient requires a relatively 
long time. We have as yet few exact data on this point, but in 
the case of the Fucus egg, for example, it is known that the differen- 
tial illumination must continue for at least several hours, the length 
of time being dependent within certain limits on intensity and on 
wave length (Winkler, ’00 b, Hurd, ’20). In hydroids the period of 
differential exposure to water (oxygen or CO2) has not been deter- 
mined, but is at least several hours. As regards animal eggs we have 
no data, but the period may be days or perhaps weeks if the local 
action or differential is slight. 
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So far as we can determine, protoplasmic changes involved in the 
brief or momentary excitation of protoplasm may be rapidly and 
completely reversible, though it is evident that some effects, how- 
ever slight, may persist for a longer or shorter time, even in such 
cases. But it is also evident that with the continued, or frequently 
repeated local, or differential action of the external factor the per- 
sistent or irreversible changes in the protoplasm become apprecia- 
able. These changes are in general such as to perpetuate the gradient 
determined by the external factor. Just what they are physico- 
chemically is not known, but biologically they constitute an equil- 
ibration, a regulation in the protoplasmic system, initiated by the 
external factor. Since the continued local or differential action of 
the external factor constitutes an alteration in the conditions to which 
the protoplasm is subjected, the equilibration in the protoplasmic 
system results in altered conditions in that system, that is, in the 
gradual determination of a gradation in physiological condition, 
involving both structural and dynamic features. In other words, 
the local or differential action of the external factor gradually de- 
velops a more or less permanent record in the protoplasm and this 
record constitutes the beginnings of the physiological axes and of 
axiate pattern. 

The permanence of such record differs very greatly in different 
protoplasms. In Ameba each pseudopod is a gradient for the time 
being (Hyman, 717), but does not become a permanent axis, though 
in the “limax” forms (Fig. 13), it may persist for a considerable 
period. In such cases the lack of physical and probably of chemical 
stability in the protoplasm determines that each new gradient is 
sooner or later obliterated by another or others. 

In axiate organisms, however, such gradients, having passed what 
may be called the critical point in their development, become the 
protoplasmic foundations of physiological axes and directions of 
order. Moreover, they not only persist as real regional physiologi- 
cal differences after the external factors which determined them have 
ceased to act, but they undergo a progressive development until 
they attain a certain steepness or slope dependent upon the heredi- 
tary constitution of the protoplasm in which they appear. Exper- 
imentally we find that the physiological differences, at different 
levels as indicated by susceptibility, permanganate reduction, perme- 
ability, etc., are in general slight in earlier stages of development 
and undergo increase up to a certain point. This means that after 
a physiological gradient is once established, its later slope or steep- 
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ness and so its length, and in fact all its physiological characteristics 
are dependent primarily on the constitution of the protoplasm in 
which it exists and only secondarily on external factors. The physio- 
logical gradients of different species must differ in certain respects 
as the protoplasms differ, and in a particular protoplasm very differ- 
ent external differentials may give rise to gradients which are 
similar. When once the physiological differential has become per- 
sistent in the protoplasm, the protoplasmic constitution is the 
primary factor in determining further changes. 

This viewpoint eliminates the difficulties involved in accounting 
for the high degree of constancy in individual development within 
the species in terms of physiological gradients determined by exter- 
nal factors variable in degree or different in kind. The external fac- 
tor initiates, and the hereditary constitution of the protoplasm de- 
termines the general course of development of the physiological 
gradient. 

There is then, I think, no escape from the ‘conclusion that the 
axial gradient is essentially an excitation-transmission gradient which 
has become more or less persistent through the occurrence of irrever- 
sible or slowly reversible protoplasmic changes. If such gradients 
represent the foundations in specific protoplasms of the pattern of the 
individual, this pattern is fundamentally an excitation-transmission 
pattern, originating in a reaction to an external factor. Such reac- 
tion is as truly behavior as the growth reactions of a plant or the 
motor reactions of Paramecium, an insect or a human being. It 
differs in character from these reactions because the mechanism is 
different. The gradient involves no mechanism beyond the proto- 
plasmic mechanism, but the other reactions mentioned involve or- 
ganismic mechanisms of various degrees of development and com- 
plication (Herrick, ’23, Chap. XIX). The various lines of evidence 
point to the conclusion suggested in Chapter V, viz., that excitation 
and its transmission are the primary factors of organismic integra- 
tion in protoplasm. We know that excitation and transmission con- 
stitute the physiological basis of organismic excito-motor behavior 
(Chap. XI). If this is true, the physiological origin of the organism 
as an individual and of excito-motor behavior is the same. In view 
of the facts, the assertion that the individual organism represents 
a behavior pattern in a protoplasm of specific hereditary constitution 
is not a fanciful speculation, but a conclusion based on many differ- 
ent lines of experimental and observational evidence and involving 
no assumptions not based on such evidence. 
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PHYSIOLOGICAL DOMINANCE AND SUBORDINATION IN RELATION TO 
EXCITATION AND TRANSMISSION 


It is perhaps necessary to repeat here that physiological dominance 
or control is a relation of organismic magnitude. That is to say, it 
consists not in a relation between individual molecules, colloid par- 
ticles or any other single component parts of the protoplasmic system, 
but rather in the control of one region, cell or cell mass by another. 
In fact, physiological dominance and subordination are relations 
between parts each of which constitutes a living protoplasmic system 
with all the complexity of constitution and of physico-chemical 
relations among its parts that the word “living” implies. 

The physiological basis of dominance. — In an excitation-trans- 
mission gradient the region of primary excitation exercises a certain 
dominance or control over other levels of the gradient, simply be- 
cause its excitation initiates the gradient and constitutes the primary 
factor in determining for the time being the physiological condition 
of other regions within the gradient. As already suggested (pp. 49- 
52) this is apparently the most primitive sort of physiological cor- 
relation, 7. e., correlation of organismic magnitude, between different 
regions of a mass of protoplasm or of cells. The physiological differ- 
ences at the different levels of the gradient which make dominance 
and subordination possible are not preéxistent differences, but arise 
through the excitation itself and through its transmission. The facts 
indicate that the primary excitation and the differences in condition 
at the different levels of the gradient are fundamentally quantitative 
changes, and finally the relation between the external factor which 
gives rise to excitation and the excitation itself is primarily quantita- 
tive, not specific or qualitative. If these conclusions are correct, 
the physiological relation of dominance and subordination character- 
istic of an excitation-transmission gradient is a relation resulting 
from differences in rate of living which are initiated by the local or 
differential action from without and further determined by trans- 
mission. If we agree that all protoplasms are irritable or excitable, 
it is evident that all protoplasms subjected to the action of external 
factors are capable of giving rise to this relation of dominance and 
subordination. 

Moreover, there can be no question that this relation is organismic 
in character (pp. 51-52) since it originates in physiological differences 
between regions and cells and constitutes, at least for the time being, 
a more or less definite physiological relation between them. Physio- 
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logical differences between different regions and cells are the character- 
istic features of every individual organism. In their absence the 
individual organism does not exist. 

According to this view, physiological dominance or control appears 
in its most primitive form in excitation and transmission. These 
processes afford a basis for physiological correlation and control 
even in the complete absence of any definite channels or other means 
of transportative or material correlation between the parts concerned, 
and this relation of dominance and subordination is the most general 
physiological relation between regions and parts in the individual 
(Chap. IV). It constitutes the basis of “wholeness,” 7. é., the capacity 
for integrated harmonious action of parts. Granting the correctness 
of the argument, we cannot escape the conclusion that physiological 
integration and the wholeness of the individual originate in excitation 
and transmission. This does not necessarily mean that all individual 
organisms arise directly and only through excitation and its trans- 
mission. Specific material or chemical relations between protoplasm 
and enviropment may conceivably give rise to local or regional differ- 
ences and relations in the protoplasm, and such differences and rela- 
tions may become the basis of an individual organism (see pp. 53- 
55). Even though the external factor in such a case is a specific 
substance, its effect on protoplasmic condition is often as a whole 
quantitative rather than specific, e. g., in case of many nutritive 
substances, and in any case quantitative effects constituting excita- 
tion or inhibition, as well as qualitative effects, are involved. Un- 
prejudiced survey of the evidence indicates that the quantitative 
changes in living protoplasm are far more important in initiating 
individual pattern and integration than any specific, qualitative 
factors (Chaps. VII-IX). The latter unquestionably affect the course 
of differentiation, but at present there is no reason to believe that 
any individual organism originates in specific material differences 
without excitatory factors. 

Dominance in the axial gradients. — In Chapter X evidence was 
presented to show that dominance and subordination are character- 
istic features of physiological axial gradients. The high end of the 
gradient is the dominant region. The degree and range of dominance 
depend on various factors. According to the preceding section of 
the present chapter, however the physiological gradient arises, 1t 
is essentially an excitation-transmission gradient more or less per- 
manently fixed through the accumulation of relatively stable changes 
in the protoplasm. 


208 PHYSIOLOGICAL FOUNDATIONS 


It follows that dominance and subordination in the physiological 
axis are derived from the dominance and subordination of the ex- 
citation-transmission gradient. The high end of a physiological 
gradient differs from, and acts upon other levels in the same way as 
the region of primary excitation in an excitation gradient. The ap- 
pearance of qualitative differences at different levels of an axial 
gradient affords a basis for specific material relations, “chemical 
correlation”? between these levels, and out of these relations another 
sort of dominance and subordination may arise (pp. 44-47). But 
even in such cases, if the gradient persists, excitation-transmission 
relations may still persist in it. In any case the development of the 
individual consists, not only in the qualitative differentiations of 
different regions and parts, and the establishment of specific chemical 
relations between them, but also in the development of the dynamic 
relations of excitation and transmission. In the higher animals we 
see these two sorts of dominance, nervous and chemical, side by side, 
both highly developed and in some cases affording to some extent a 
double control of the same organ. According to the views advanced 
here, nervous dominance develops out of the more general and fun- 
damental factor in physiological integration, while chemical dominance 
by means of hormones or other substances is of secondary origin (see 
Chap. V), though unquestionably of great importance, particularly 
among the higher forms. 

Nervous dominance. — In “The Origin and Development of the 
Nervous System” attention was particularly called to the very inti- 
mate physiological relation of nervous structure and function to the 
axial gradients and the relations of dominance and subordination 
characteristic of them. We find that the central nervous system is 
definitely localized at the higher levels of the chief axial gradients 
and the later complications arising in it appear to correspond to the 
complications in the gradients during the course of development. The 
inference is that the nervous system in the individual develops out of 
the more primitive excitation-transmission relations characteristic 
of the gradients and that the functional relations of dominance and 
subordination in the nervous system originate physiologically in the 
more primitive dominance and subordination of the gradients. Mor- 
phologically the nervous system represents the further progress of 
differentiation of the higher levels of the gradients beyond the stage 
of quantitative differences. This conception enables us to recognize 
a physiological continuity between the primitive excitation-trans- 
mission gradient and the nervous system, and between the behavior of 


INDIVIDUAL AS BEHAVIOR PATTERN 209 


protoplasm in general in response to local or differential action of an 
external factor and the nervous mechanisms and phenomena of 
behavior in the higher organisms (Herrick, ’24, Chaps. XVIII, XIX). 

The early localization and differentiation of the nervous system 
and its function as an organ of integration and of relation to the exter- 
nal world appear, in the light of this conception, as a physiological 
consequence of the establishment of physiological gradients in proto- 
plasms: that is to say, where the nervous system develops at all it 
constitutes a fundamental aspect of the development and differentia- 
tion of physiological gradients. 

The fact that nervous systems do not appear at all in some organ- 
isms and attain very different degrees of differentiation and complex- 
ity in others depends of course primarily on the differences in hered- 
itary constitution of the different protoplasms. In some proto- 
plasms differentiation in relation to the gradients is not permanent 
enough, or does not proceed far enough, to give rise to definite nervous 
structure and function. In such forms the gradients, the integration 
dependent upon them and the behavior of the organism all remain 
relatively simple and primitive, as, for example, in the plants. At the 
other extreme are the higher animals in which the nervous system is 
the first definitive organ to become morphologically distinguishable 
and in which it attains a high degree of permanency and complexity 
of structure and function. Such differences result primarily from 
differences in protoplasmic constitution which are hereditary. The 
physiological gradients are merely the factors which determine the 
realization as an individual organism of the hereditary potentialities 
of each particular protoplasm. The development of nervous structure 
and function in any particular organism represents certain aspects 
of behavior in the presence of certain physiological conditions, viz., 
the axial gradients, and in every case such behavior takes place in a 
protoplasmic system possessing a certain hereditary constitution. 
This constitution plays an essential part in determining the character 
of the behavior and of the record which behavior leaves in the proto- 
plasm and therefore in determining the course and result of develop- 
ment in each particular case. 

To sum up: the available facts force the inference that the simple 
excitation-transmission gradient is the physiological basis of the 
relation of dominance and subordination which constitutes the 
integrating factor in the individual organism. Such dominance rep- 
resents the action upon other regions of the region most affected in 
a dynamic way by an external factor. This primitive excitatory re- 
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action and the resulting transmissive relation constitute the phys- 
iological basis of the mechanisms of control which develop in each 
particular kind of organism. Dominance does not arise autonomously 
at the beginning, or in the course of development, but results from a 
reaction of the protoplasmic system to an external factor. The 
primitive dominance, arising momentarily in an excitation gradient, 
the dominance of the growing tip of the plant in development, of the 
apical region in a hydroid, of the head in Planaria, etc., of the receptor 
end of the reflex are and of the brain in the behavior of man, all 
apparently originate in and develop from physiological gradients. 
If true, that means that they all result from the behavior of a proto- 
plasm under certain conditions. But as the mechanisms differ with 
the constitution of different protoplasms and different stages of 
development the results differ, and we have at the one extreme the 
evanescent excitation and transmission and at the other the dominance 
of the brain. 


HEREDITY AND THE INDIVIDUAL 


In earlier chapters attention has been called repeatedly to the rela- 
tion between heredity and the individual which this physiological con- 
ception of the individual involves, but at the risk of some repetition, 
it is desirable to bring together here and summarize briefly the chief 
points in this relation. In the first place, this conception recognizes 
physiological continuity from the simple excitation gradient in proto- 
plasm to the structural and functional relations of the higher animals. 
Every individual represents a special case of realization of certain 
hereditary potentialities and in any one individual only a small part of 
the potentialities are realized. When we bear these facts in mind, it 
is perfectly evident that the hereditary mechanism alone cannot ac- 
count for all the special cases of realization, no two of which are 
exactly alike. Moreover, if we accept Morgan’s conclusion that 
“every cell inherits the whole germ plasm”’ (see pp. 22-26), it is 
obvious that heredity alone cannot account for the fact that in devel- 
opment different cells and cell groups become different. Biological 
theory sometimes seems to regard the hereditary mechanism as if it 
were autonomous. Roux’s often repeated assertion that the earlier 
stages of development are determined by heredity, the later stages by 
function, seems to regard the hereditary mechanism as working auto- 
nomously in the earlier stages. According to Weismann the distribu- 
tion of the determinants during development is accomplished entirely 
by the mechanisms of heredity working independently of environ- 
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ment and the belief that hereditary mechanisms work autonomously 
apparently persists up to the present time (see pp.21, 221). Even the 
most extreme predeterministic conceptions must of course admit the 
existence of certain respiratory and nutritive relations between the 
developing individual and the external world, but these are regarded 
as primarily sources of energy for the hereditary mechanism. Roux 
recognizes such factors as “realization factors” but apparently does 
not regard them as essential in determining individual pattern. 

It seems that something more than this is necessary to account for 
the facts. In Planaria, as in many other forms, cells at all levels of 
the body are capable of giving rise to heads, posterior ends or any 
other region of the body, but in any particular planarian the cells of 
each level actually give rise only to a certain region. Evidently it 
is not the hereditary mechanism of those cells, but their environment, 
i. e., their relations to other cells or parts, or to the external world, 
which determines what they shall do in any particular case. Conse- 
quently, although they are all primarily alike as regards hereditary 
constitution, they give rise to different regions and organs in the in- 
dividual, and in isolated pieces they react to the altered environment 
by altering their behavior. Moreover, it has been shown in earlier 
chapters that physiological axes of polarity and symmetry may be 
experimentally altered and obliterated and that new axes may be de- 
termined in many different ways. Preformistic theory has usually 
endeavored to account for such facts as these by the assumption that 
polarity and symmetry are inherent in protoplasm, but can be affected 
or altered by external factors. At present, however, there is no con- 
vincing evidence in support of this view and much against it (pp. 25- 
29). 

Again, the preformist maintains that the high degree of constancy 
of axiate pattern in each species cannot be accounted for, if polarity 
and symmetry are not inherent, but determined by environment. 
The development of the experimental method is showing us that this 
“eonstancy”’ is itself related to the conditions under which develop- 
ment of the individual occurs. As soon as we alter these beyond a 
certain limit, the constancy disappears. Apparently this relative 
constancy in development under normal conditions results chiefly 
from two factors: in the first place, the protoplasmic systems are 
products of very long periods of evolution and have attained a dy- 
namic equilibrium or condition which under the range of conditions 
standardized as normal is relatively constant; and second, in the course 
of evolution the conditions under which the gametes arise and under 
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which the individual develops have become increasingly constant, 7. e., 
have undergone progressive standardization (see pp. 222, 223). 

In the excitatory reaction of protoplasm an external factor initi- 
ates, but the nature of the protoplasm is the primary factor in deter- 
mining the character and further course of the reaction. In the case 
of a nerve fiber we know that the same effect may be determined by 
electrical, chemical, thermal, or mechanical energy and over a wide 
range of quantity or intensity for each form of energy. And as re- 
gards protoplasm in general we know that excitation is not dependent 
on any specific action of an external factor, but rather on a sufficient 
intensity, or perhaps in some cases, amount, of energy transfer. As 
regards the axial gradient we have seen that as soon as the external 
factor has brought its development to a certain point, the protoplas- 
mic constitution becomes the chief factor in determining its further 
development. In a particular protoplasm similar gradients may re- 
sult from widely different environmental relations, because, as in 
other reactions, so here the external factor merely initiates and the 
protoplasmic constitution determines the further course of events. 
As a matter of fact, the relative constancy and uniformity of so-called 
normal development and form present no difficulties to the concep- 
tion of the individual as a reaction, a behavior pattern, in a specific 
protoplasm. On the other hand, the ease with which axial relations 
may be altered, obliterated or determined anew, does constitute a 
real difficulty for the preformistic conception. If a particular pro- 
toplasm possesses an inherent fundamentally bilateral “intimate” 
or molecular structure, the fact that such structure can be, so far as 
we can determine, completely obliterated by simply exposing the 
egg or embryo to certain concentrations of many different inhibiting 
agents (pp. 83, 104) is certainly remarkable and inexplicable. We 
should expect such inherent structure to be one of the most stable 
and persistent characteristics of protoplasm, but as a matter of fact 
polarity and symmetry are readily altered, obliterated or determined 
in the simpler organisms and the earlier stages of development. 

Leaving out of account the speculative assumptions of preformis- 
tic theory and considering the evidence as it stands, the only possi- 
ble conclusion seems to be that the individual organism as a pattern, 
an order, a physiological whole, originates in a reaction of a specific 
protoplasm to certain environmental factors. There is no conflict 
between this conception and modern theories of heredity, except in 
so far as some of those theories attempt to interpret the individual 
in terms of heredity alone. But when we recognize the fact that he- 
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redity has to do with potentialities and the individual pattern with 
realization of some of those potentialities under certain conditions, 
the theories of heredity and the gradient conception are not in con- 
flict, but supplement each other. 

Even the interpretation of inheritance in Mendelian terms does not 
account for the individual. It accounts merely for the distribution 
of certain differences in different individuals. For the realization of 
the different potentialities segregated into different germ cells, envi- 
ronmental factors are always necessary. Here as elsewhere, the indi- 
vidual represents the behavior of a specific protoplasm in reaction 
to certain environmental factors. 

The gradient is merely the most generalized, the most primitive 
form of organismic behavior of a living protoplasm and if it persists 
long enough, it becomes the basis of later changes, some more or less 
permanent, others evanescent. Such changes constitute develop- 
ment, function, behavior of the individual. The gradient pattern 
constitutes the pattern, the order, the individuality in which the 
realization of the heredity potentialities occurs. That the gradients 
persist and so are hereditary in certain processes of agamic reproduc- 
tion means merely that environmental relations are not such as to 
alter or obliterate them, but such persistence is in no sense Lamarck- 
ian inheritance. 

The conception of the individual as a behavior pattern in a spe- 
cific protoplasm is, in short, a purely physiological conception having 
to do with the realization of hereditary potentialities in the form of 
individuals. It is not in conflict with the facts of inheritance nor 
with the essential points of current theories of heredity, but accepts 
the hereditary potentialities as given in some form and attempts to 
account for the development of individuals from them. It is a theory 
of development and is therefore not primarily concerned with the 
problems of heredity, though the light which it throws on develop- 
ment may at some time be reflected to some extent upon those prob- 


lems. 


CHAPTER XIII 


REGULATION OF PATTERN IN ORGANISMS 
REGULATORY ACTIVITIES IN GENERAL 


Regulation of function. — Investigation of the functional activi- 
ties of organisms, particularly the higher animals and man, could not 
proceed very far without becoming aware of the existence of various 
mechanisms and processes which serve to control, order and adjust 
the various activities to varying conditions in such manner as to 
maintain the physiological unity and harmony of the organism in the 
changing environment to which it is subjected. Through such mech- 
anisms and processes the activities of organisms are “regulated” 
within certain limits, and physiologists have very naturally come to 
call them regulatory mechanisms and processes. We know more or 
less concerning many such mechanisms in organisms, e. g., the mechan- 
ism of the regulation of heat production and heat loss in the warm- 
blooded animals, of respiration, of blood flow and blood volume, of 
neutrality in the blood and tissues, of blood sugar, of the heart beat, 
of various digestive functions, of various internal secretions, of the 
transport of water, salts and carbohydrates in plants, and so on. 

Our knowledge of even the simplest of such mechanisms is far 
from complete, but it is evident that with the progress of evolution 
their number and variety and the complexity of interrelation between 
them have increased, until in the higher animals and man they are 
far beyond the present range of scientific analysis. These mechan- 
isms of functional regulation are mechanisms of physiological corre- 
lation, involving the transmission of excitation, or in some cases, of 
purely mechanical effects, or the mass transportation of substance, or 
in many cases, all of these factors. In general terms these mechan- 
isms may be said to represent the réle of physiological correlation 
in maintaining the organism as a functional whole. 

Regulation of form and structure. — With the development of the 
experimental method and its application to the phenomena of individ- 
ual development, it became evident that the capacity for regulation 
or adjustment appears, not only in the special functional activities 
of organisms, but in the development of form and structure. The 
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ability of the plant body to react to altered conditions by the develop- 
ment of new individuals or parts from other parts has long been known 
and it was demonstrated some fifty years ago that in certain of the 
simpler plants, every cell, or almost every cell, even though normally 
giving rise to only a small part of an individual plant, is neverthe- 
less capable of giving rise to a complete new individual. 

The systematic and analytic application of experimental methods 
to the development of animals occurred somewhat later, but as inves- 
tigation along these lines developed, it was soon discovered that in 
the normal development of an individual only a part, often a small 
part of the hereditary potentialities inherent in any cell or cell group 
was realized. When the cell or cell group was subjected to condi- 
tions different from those which acted upon it in the normal or usual 
course of development, the reaction often showed that it possessed 
potentialities which did not appear at all under the normal conditions. 
It was discovered, for example, that in many species the two cells 
resulting from the first division of the egg, and in some forms even 
the first four or eight cells, or even smaller portions, were each capable 
when isolated from each other of giving rise to a complete embryo or 
larva. Moreover, although it has long been known that many ani- 
mals were capable of regenerating missing parts, more extended in- 
vestigation along these lines brought to light potentialities of isolated 
pieces, particularly in the simpler animals, which had been hitherto 
unsuspected. It was found that in many forms, e. g., hydroids, va- 
rious turbellaria, etc., even small pieces of the body from any, or al- 
most any region were able by a process of reconstitution to give rise to 
complete individuals. 


REGULATION AND THE NORMAL 


The earlier workers in these fields, particularly the zodlogists, were 
much impressed by the fact that although the course of events in 
the reconstitution of a new whole from a part was in many respects 
different from the course of events in embryonic development, the 
final result was, nevertheless, within a wide range of experimental 
conditions, an individual essentially identical with the individuals 
of the species developing in the usual way. In such cases, then, al- 
though the course of developmental events was ‘“‘abnormal,” the 
result as regards form and structure was ‘“‘normal.’”? The only pos- 
sible inference from such facts is that reaction and adjustment of 
some sort to altered conditions may occur in the development of 
form and structure as well as in the special functional activities of 
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fully developed individuals. On this basis developed the general 
biological conception of regulation. 

Definition of regulation. — In the development and formulation 
of this conception Roux and Driesch have perhaps played the most 
important parts.1 According to Roux regulation has a physico- 
chemical basis and is dependent upon physiological correlation, but 
his interpretation is in terms of a preformistic theory of heredity 
and is to a large extent formal, rather than directly physiological. 
Driesch, on the other hand, postulates a non-mechanistic principle, 
to which he applies the Aristotelian term ‘‘entelechy,’’ as the basis 
of regulation and regards it as involving a purpose or end to be at- 
tained. In the conception of regulation as defined by these authors 
the idea of the normal plays an important part. For example, ac- 
cording to Driesch ‘“‘regulation is a process or a change in a process 
occurring in the living organism by means of which a disturbance 
of any sort of its preéxisting ‘normal’ condition is wholly or in 
part, directly or indirectly compensated and the ‘normal’ condition, 
or at least an approximation to it, reéstablished” (Driesch, ’01, 
p. 92). Again, according to Roux, ‘“‘regulation is the complete or 
incomplete compensation of disturbances, that is, the return or 
approach of the disturbed organism to the type or norm” (Roux, 
T2339): 

In both these definitions it is implied that the ‘‘normal” condition 
is internally determined and independent of external disturbances. 
This conception of the normal is the logical consequence of the views 
of these authors. For Roux the normal organism is determined solely 
by heredity, although he is forced to recognize certain environmen- 
tal factors as playing a part in the realization of hereditary poten- 
tialities. For Driesch the entelechy is the determining factor and 
physico-chemical constitution and conditions are merely means which 
it uses. For both, the action of external factors, except those essen- 
tial to life, is always “‘disturbance”’ or alteration of the norm and 
regulation is the return or approach to it. Although Roux emphat- 
ically rejects the vitalistic viewpoint, his conception like other pre- 
deterministic conceptions of the organism involves a vitalistic or 
dualistic implication in that the hereditary mechanism is conceived 
as fundamentally autonomous in its relation to the individual or- 
ganism. 


‘See, for example, Roux, ’95, index under ‘“‘Selbstregulation-mechanismus,”’ 
“Regulatorische Funktionen,” “Entwickelung,” also ’05; Driesch, ’01, ’08, and 
various special papers. 
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REGULATION AS EQUILIBRATION 


From the strictly physiological viewpoint it appears impossible 
to maintain any such distinction between normal and abnormal, 
disturbed, or altered organisms. At all stages of its existence the 
organism is in relation to external factors of some sort and these 
factors are always subject to change. Life apparently consists in a 
succession of disturbances and alterations by external factors and 
in the reactions to them, and there is abundant reason to believe 
that in the absence of such disturbances and alterations life would 
soon cease and static equilibrium would sooner or later supervene. 

It is evident, however, that protoplasms and organisms are within 
certain limits complex dynamic equilibrating systems. We mean 
by this that more or less complex internal alterations, compensations, 
reversals of former processes, etc., occur in relation to each other, 
in the living system following action upon it of an external factor, 
with the result that the system either approaches more or less closely 
its previous condition or progresses toward an altered equilibrium. 
Within certain limits the changes are such that life continues, and 
the order and integration which constitute the individual persist 
either with or without appreciable alteration. This capacity for 
equilibration depends primarily on the physiological interrelation 
or correlation of the various activities. In consequence of this cor- 
relation the effect of disturbance by an external factor is not limited 
to the part directly affected, but is determined to a greater or less 
extent by the whole. Through physiological correlation with other 
parts, the change in the part directly affected may be more or less 
completely inhibited, compensated, neutralized, or otherwise oblit- 
erated and the organism may approach, or practically attain its pre- 
vious condition, or the disturbance may modify the whole organism 
so that, instead of approaching its previous condition, it attains a 
new condition. Evidently in all cases in which life continues after 
such disturbance some sort and degree of equilibration must occur 
in the living system. Physiological equilibrium does not necessarily 
consist in return or approach to a preéxisting or normal condition, 
but may involve persistent alteration of the living system. In fact, 
it is at least a pertinent question whether the condition of a living 
organism is ever exactly the same after the action upon it of an ex- 
ternal factor as it was before. It is impossible to answer the ques- 
tion on the basis of evidence, but it becomes more and more evident, 
as our knowledge of organisms advances, that the reactions to ex- 
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ternal factors very commonly consist in more or less permanent. al- 
teration of the organism in some way, rather than in a return to the 
preéxisting condition. Moreover, if we regard the organism as a 
physico-chemical system, it seems certain that we must answer the 
question in the negative. 

From this physiological standpoint the normal condition appears, 
not as a condition independent of external factors, but rather as the 
range of conditions determined in a particular organism, species or 
group by the range of quantity, intensity and kind of external ac- 
tions to which it is ordinarily subjected in its natural environment. 
In other words, the normal is nothing more than the usual, as stand- 
ardized in the course of evolution. Normal individuals of the same 
species, variety, or race may differ from each other, both as regards 
hereditary potentialities and the alterations determined by exter- 
nal factors, and as a matter of fact no two of them are alike. 

What then becomes of the conception of regulation as a return 
or approach to the normal? It seems clear that the regulatory mech- 
anisms are mechanisms of dynamic equilibration and that regulation 
is in general dynamic equilibration of some degree and some sort, in 
reaction to a disturbance. But if it is true that an organism is never 
the same after action of an external factor as it was before, every 
equilibration is, strictly speaking, an alteration, and every regulation 
is to some extent a modification, rather than a return to a pre- 
existing condition. 

The point of chief importance in this general discussion is that 
the conception of the normal and that of regulation, like any other 
abstractions, merely serve the purpose of calling attention to cer- 
tain similarities, while ignoring certain differences in a number of 
individual cases viewed from a certain standpoint. The persistence 
and continuity of the individual organism in a changing environ- 
ment is unquestionably a fact of great interest and significance and, 
observing that in general organisms of the same species are much 
alike, we reach the conception of the normal. Similarly, when we 
investigate the physiological conditions on which their maintenance 
and persistence is based, we see that when these are disturbed by 
external factors they commonly react in a way that appears to be 
useful in that it makes maintenance possible. The reaction may 
be a compensation of the disturbance, an escape from it by loco- 
motion, or some other reaction, but the effect in general is some 
sort and degree of equilibration of the system as a whole. On this 
basis we attain the idea of regulation as a useful reaction. Both 
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these conceptions are convenient and valuable, but when we view 
living organisms in certain other aspects, we see variation instead 
of a normal, and equilibration and modification instead of regulation 
as a return to normal (Cf. Herrick, ’24, chap. XX). 


THE QUESTION OF THE USEFULNESS OF REGULATION 


The broader conception of regulation as equilibration is more 
satisfactory from the physiological standpoint, because it does away 
with the difficulties inherent in the conception of regulation as fun- 
damentally a useful and apparently purposive process, involving 
an approach or return to normal. Much stress has been laid upon 
the apparently useful or purposive character of regulatory processes. 
In the mutilated animal, for example, missing parts may be replaced 
or at least healing of the wound occurs. In the mutilated plant re- 
moval of a part may be followed by development of new, or modi- 
fication of old parts in other regions of the body. In the sea urchin 
and various other forms isolated blastomeres or portions of the em- 
bryo, within certain limits of size and region, develop into complete 
larve. In all such cases the regulatory process appears to be use- 
ful. 

Functional regulations, 7. e., regulations of special function in 
mature organisms, show similar characteristics. In the mammal a 
rise in internal temperature brings into play mechanisms which 
tend to decrease the internal temperature; life in high altitudes 
brings about increased production of red blood corpuscles; sim- 
ilarly in motor reactions, the organism encountering unfavorable 
or injurious conditions commonly moves away, and the useful re- 
flexes, such as the withdrawal of a part from painful stimulation, 
the closure of the eyelid in excessive light, etc., are familiar to all. 

The wide range, great variety and remarkable delicacy of the 
useful and apparently purposive regulatory or equilibratory mechan- 
isms in organisms has often tended to obscure the fact that there is 
also a great group of reactions to disturbance which do not tend 
toward restoration of the normal and which are neither useful nor 
purposive. Many interesting cases of this sort are found in the devel- 
opmental reactions of isolated pieces. Under certain conditions 
isolated pieces of hydroids, planarians, etc., give rise to partial indi- 
viduals, biaxial heads, headless forms, etc. Pieces which give these 
“abnormal” results are not necessarily any smaller or otherwise differ- 
ent from pieces which give rise to “normal” animals. In fact, it can 
often be determined experimentally whether a piece shall give a 
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normal or an abnormal result.1. Many of these abnormal forms are 
incapable of continued existence because of absence of essential parts, 
such as mouth, certain sense organs, organs of attachment, etc. It is 
also possible to alter and control by means of experimental conditions 
the proportions and relations of organs and parts and so to produce 
forms which are extremely abnormal in various respects and often 
incapable of continued development, or even of continued existence. 

Similarly the special functional regulatory mechanisms, under 
conditions outside the normal range, may work in such a way as to 
alter, injure, or even destroy the organism. A case in point is the 
ability of the organism to acquire tolerance to drugs or other toxic 
substances. The development of tolerance may lead to habit-forma- 
tion and the desire for larger and larger quantities. Shelford (’18) 
has shown that fishes rapidly establish a preference for water contain- 
ing certain toxic substances, e. g., alcohol, cocaine, ete., but to carbon 
dioxide, which apparently has physiological action resembling in 
certain respects that of alcohol and cocaine, they are persistently 
negative (Shelford and Allee, 14). The interpretation suggested is 
that since fishes may be exposed more or less frequently within the 
range of “normal” environment to carbon dioxide in toxic concentra- 
tion, evolution has had time to act by natural selection or otherwise 
in developing the negative useful reaction. Alcohol and cocaine, on 
the other hand, being outside the range of the normal environment, 
the reaction of the fishes to them occurs independently of useful or 
injurious results. Similarly the moth singes its wings or even kills 
itself in the flame to which it is attracted. The mechanisms of heat 
regulation, neutrality regulation, blood sugar regulation, etc., in man 
may work under certain conditions of disease or experiment in very 
different manner from the normal and injury or death may result. 

All these cases obviously involve equilibration in the organism, but 
they are equilibrations to unusual or abnormal conditions, 7. e., 
conditions more or less outside the range standardized by evolution. 
The point which I wish to emphasize is that the useful, apparently 
purposive regulations are not a fundamentally different category of 
reactions from these injurious or destructive reactions, but that both 
belong physiologically in the same category of equilibration processes. 
The useful regulation is an equilibration process of significance to the 


See, for example, Figures 85-89, 93-100, 112-116; also Child, ’07, a, ¢, d, 
le, 12 4,016 b20 a2 ie: 

>See Figures 48-57, 76-81, 117-121; also Child, ’16 d, ’17 d; Stockard, ’07, 
09, 10, ’11, ’21; Bellamy, ’19, ’22. 
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organism in its relations to environment. Once present as a potential- 
ity of a particular protoplasm, such a reaction may of course become a 
factor in evolution, 7. e., the protoplasm possessing it may be main- 
tained or favored by natural selection and so the reaction may in 
time be regarded as an adaption, but the equilibration process 
itself is a matter of the physico-chemical constitution of the proto- 
plasm and its reaction to a certain range of environment. 

The useless, injurious, or non-adaptive equilibrations are usually, 
if not always, reaction to conditions outside the standardized range of 
the normal, e. g., the reaction to habit-forming drugs, the reaction of 
the moth to the flame, the development of biaxial or partial forms 
from isolated pieces and of abnormal forms under experimental 
conditions. Physiologically these are as truly equilibrations as the 
useful reactions, but whether we call them regulatory or not depends 
on whether we regard regulation as simply equilibration or as equili- 
bration which is useful to the organism. 


REGULATION IN DEVELOPMENT 


Normal development and heredity. — It may appear, and in fact 
has often been asserted that the course of development in its earlier 
stages is, so far as its “typical” or “normal” features are concerned, 
independent of external factors and determined by heredity (pp. 215- 
219). That is to say, up to a certain point at which functional re- 
lation to the external world begins, the individual organism repre- 
sents primarily the working out of a scheme, order, or pattern pre- 
determined by heredity. This typical hereditary course of events 
may be modified by external factors which transcend the normal 
range, but within the normal range the external factors play no essen- 
tial part, except in making possible the continuation of life. This 
typical or normal course of development unmodified by external 
factors results in the normal individual and regulation represents the 
return or approach to normal when modification does occur. Accord- 
ing to this preformistic conception, the development of the individual 
represents primarily the construction of certain mechanisms through 
internal factors, and only when this construction is completed, or 
has attained a certain stage, does function begin. Regulation is a 
sort of repair process, through which the hereditary mechanism 
obliterates or compensates more or less completely the accidental 
action of external factors. The biologists of the Roux-Weismann 
school, and particularly Roux, have made much of this distinction 
between the typical or normal as predetermined and the regulatory 
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as essentially the result of accident, and have attempted in various 
ways to reconcile it with the facts of developmental physiology. 

Actually, however, it becomes more and more evident that life 
is largely, if not wholly made up of accidents. The constancy and 
uniformity of normal development in nature, results, as already noted, 
from the fact that a certain degree of standardization has occurred in 
the course of evolution as regards the range of such accidents to which 
the developing individual is likely to be exposed. This has been 
accomplished in various ways, e. g., through position of the gonads, 
through conditions under which fertilization occurs, through the 
formation of enveloping membranes, jelly, or capsules about the de- 
veloping eggs, through the selection of certain localities for egg deposi- 
tion, through care of the young, viviparity, etc. But these various 
provisions do not eliminate external factors; they merely tend to limit 
the variation in range, in other words, to standardize their action. 

The gamete and the developing embryo are acted upon by, and 
react to factors external to themselves at all periods of their exist- 
ence and whatever mechanisms or structures are present at any time 
are functioning. Material exchange is always going on and we know 
that excitation by various forms of energy and the transmission of 
such excitation may occur in these stages as well as in the fully de- 
veloped individual. We know also that even within the range of the 
normal many differences between individuals result from differences 
in external conditions within the standardized range. And finally, 
we know that when we subject these stages to external conditions 
outside the standard range, 7. e., “abnormal” conditions, reaction 
of some sort, with equilibration leading either to a normal or an 
abnormal result, or destruction of the system and death may result. 
In fact, we can find no evidence for the hereditary predetermination 
of a normal or typical course of development, except in so far as each 
protoplasm possesses a certain hereditary constitution and as the 
conditions under which the individual develops are more or less 
exactly determined or standardized by the hereditary mechanisms 
of the parent and the species. The hereditary constitution of the 
protoplasm determines certain possibilities which are realized only in 
relation to external factors, and the hereditary mechanism of the par- 
ent or species, as noted above, determines position of gonads, method 
of egg deposition, etc. So far predetermination occurs, but such pre- 
determination is indirect and physiological, rather than direct, that 
is, it determines, on the one hand, the possibilities of reaction and on 
the other, the range of conditions likely to be met. 
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From this viewpoint development is not fundamentally different 
from the so-called functional later stages. Mechanism and function 
of some sort are present at all stages and the mechanism and function 
at any stage constitute the structural and physiological basis for 
what follows, but what actually does follow in a particular case is 
determined by the mechanism functioning in relation to particular 
conditions. Adjustment, equilibration, is going on at all stages, 
but the sort and degree of equilibration at any stage is determined by 
the mechanisms characteristic of that stage and the conditions to 
which it is subjected. In the earlier stages of development and in 
the simpler organisms equilibrations involving the larger features of 
form and structure are in general more extensive and more readily 
induced than in later stages and in the higher forms, because in the 
former function is less narrowly and exactly limited by morphological 
structure than in the latter. Except as regards the earliest stages, 
which are really stages of dedifferentiation and disappearance of 
gamete and zygote structure (Child, ’15 b, Chaps. XIII-XV), we 
find that in general processes of structural differentiation are more 
conspicuous features of the earlier than of the later stages of develop- 
ment. The larger, more general features of structure appear first 
and the details are, so to speak, filled in later. As structure develops, 
it determines and limits function more and more definitely, therefore 
its stability increases and the specialized functions of organs are 
dependent upon its existence but both structure and function of 
some sort are present at all stages. 

Development as regulation. — It is evident from what has been said 
that development itself may be regarded as a complex regulation 
resulting from the action of various factors. Among these fertiliza- 
tion is usually essential, but various others, e. g., the isolation of the 
gametes from the parent body, the altered nutritive and respiratory 
conditions, the physico-chemical constitution of the external medium 
to which the developing individual is exposed, or its relation to the 
parent body, may be concerned in determining the course and results 
of development, according to the species. Assuming that the normal 
hereditary constitution of the protoplasm is present, whether the 
course and result of development are what we know as normal de- 
pends simply upon what I have called the standardization of these 
environmental conditions through the hereditary mechanisms of the 
species, 7. e., the determination in one way or another, and to a greater 
or less degree through heredity, of the conditions to which the devel- 
oping individual shall be subjected. With the progress of evolution 
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this standardization becomes in general more complete, that is, the 
parent plays a more and more important part in determining the 
conditions which its developing offspring shall meet, and the regula- 
tory mechanisms of the protoplasms become more delicate and varied. 
Normal development of a normal protoplasm is then a complex se- 
ries of regulations or equilibrations to conditions within a standard 
range and abnormal development is a similar reaction to conditions 
transcending this range. Certain abnormalities, however, are he- 
reditary and in such case must have a certain basis in the pro- 
toplasmic constitution. With these we are not concerned here 
except to point out that the expermimental work of recent years 
in genetics has shown that at least some such hereditary abnor- 
malities originate in the action of abnormal factors upon the repro- 
ductive cells at some time. Such cases are equilibrations with 
persistent effect and it is a pertinent question which has no neces- 
sary connection with Lamarckian theory, whether all existing he- 
reditary characteristics of organisms are not in the final analysis of 
such origin. 

Physiological gradients as regulatory mechanisms. — The concep- 
tion of the physiological gradients and their significance in individ- 
ual development is merely an attempt based on many lines of evi- 
dence to throw come light on the physiological character of the gen- 
eral regulatory mechanisms and processes which underlie develop- 
ment. The mechanism of excitation and transmission and the excita- 
tion-transmission gradient are regulatory mechanisms of fundamental 
significance in life, and the establishment of a more or less perma- 
nent physiological gradient as the basis of a physiological axis is a 
further regulatory modification of the protoplasm in reaction to an 
external differential. As already pointed out (pp. 133-137), once the 
gradient is established in a protoplasm, it tends under ordinary con- 
ditions to attain a certain height, slope and length characteristic for 
such protoplasm and changing as the condition of the protoplasm 
changes. The further course of developmental events in relation to 
it consists in a complex series of regulations involving form, structure, 
constitution and function of the various parts concerned. These rep- 
resent the reactions of the hereditary constitution of each particular 
protoplasm to the physiological gradients established in that pro- 
toplasm and within the range of normal development they approach 
the condition characteristic of the mature normal individual of the 
species. From this viewpoint the physiological gradient is merely 
the primary regulatory mechanism in the development of the axiate 
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individual and probably also in the development of the surface-in- 
terior organism (pp. 93-94). 

Under conditions outside the standard or normal range the course 
of development and the end attained may be altered in one way or 
another. Such alterations appear in the development of new indi- 
viduals from isolated blastomeres of an embryo or from isolated pieces 
of the body of a mature individual. In Planaria, for example, the 
course and results of the development of isolated pieces differ widely 
according to age, nutrition, and physiological condition of the ani- 
mals from which the pieces are taken and also according to size of 
piece, region of body represented, temperature and chemical constitu- 
tion of the external medium (Child,’ 11 b, ¢, d, 12 a, ’14e,’16b, ’20a, 
’21 c). Moreover, the work of many investigators has demonstrated 
that the course and results of embryonic development may be very 
greatly altered by changes in environmental factors, and I have 
endeavored to show that changes in the gradients are fundamental fac- 
tors in such alterations (Child, ’16 d,’17d,’21¢). It has been shown 
further that physiological gradients can be obliterated and new gra- 
dients established experimentally (see Chaps. VIII, LX) with corre- 
sponding changes in the course and results of development. All such 
changes represent regulations or equilibrations of the protoplasmic 
system to the conditions to which it is subjected. The fact that many 
of them differ widely from the normal means merely that under differ- 
ent conditions different equilibria are attained or approached. 

The relation of dominance and subordination between regions and 
parts of the organism, which is the most general and primitive sort 
of physiological relation in the organism is, as I have pointed out, 
primarily an expression of a physiological gradient and therefore a 
feature of the regulatory mechanism which that gradient represents 
(see Chapter X). 

As regards the special functions of the organs of the individual at 
any stage, we recognize clearly that the unity and integration of the 
individual are maintained by the interrelation and equilibration of 
such function, in short, by regulation. The various regulatory mech- 
anisms of the physiologists, e. g., mechanisms regulating transport 
of water, salts and carbohydrates in plants, blood-flow, respiration, 
heat production, heat loss, secretion, excretion, neutrality, etc., are 
cases in point. But as noted above, under conditions transcending 
the normal range, the working of these mechanisms is altered and 
may lead to abnormal results, or even to death. Here as elsewhere 
the normal represents merely a certain range of constitution and con- 
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ditions more or less standardized by evolution and heredity. The 
physiological unity of the organism is in fact dependent upon the ex- 
istence of regulatory mechanisms of one kind or another and the evi- 
dence indicates that the general basis of such mechanisms is on the 
one hand the hereditary constitution of each particular protoplasm 
which determines the character of its reaction to any conditions and, 
on the other, the primary regulatory mechanism of the individual 
organism, the physiological gradient. The fact that each proto- 
plasm possesses a certain hereditary constitution implies the poten- 
tial existence in it of certain protoplasmic regulatory mechanisms of 
physical and chemical character, but only as these are integrated and 
ordered on a large scale by the establishment of a differential of some 
sort, involving different molar regions of the protoplasm do they be- 
come of organismic significance (pp. 6-12, 43). The physiological 
gradient represents, I believe, the most general and primitive form 
of such differential and therefore constitutes the primary organis- 
mic regulatory mechanism. The gradient or gradients established 
in a protoplasm initiate a series of regulations involving form, struc- 
ture and function, and these constitute development. The structure 
of any given moment or stage is a factor in determining and limiting 
the character of the function occurring in it and the function of any 
given moment alters the structure in which it occurs. 

We are accustomed to speak of development as ending with matu- 
rity. Actually of course, development never ends while life continues, 
for structural and functional equilibrations are always going on and 
leaving their records in the protoplasm. So far as its developmental 
aspects are concerned, then, life may be regarded as a continuous se- 
ries of regulations, or in the words of Spencer as ‘continuous adjust- 
ment of internal relations to external relations.” 


EXCITO-MOTOR BEHAVIOR AS REGULATION 


In the past biologists have often drawn a sharp distinction be- 
tween development as a process of construction of a machine and 
behavior as the functioning or working of the machine after con- 
struction is completed. But if the position taken in the preceding 
section is correct, development represents behavior as truly as any 
activities of the mature organism, and we have to distinguish not 
between development and behavior, but between different aspects 
and phases of developmental and other forms of behavior. 

In the excito-motor group of behavior phenomena, motor changes 
in position in space are a conspicuous feature. These may consist of 
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locomotion of the organism as a whole, of movement of some organ 
or part through change in direction, rate or character of growth, 
contraction, etc., or of movements of substances in consequence of 
excitatory changes in permeability of membranes, etc., e. g., in 
secretion. Since such behavior is usually the most conspicuous 
feature of the reaction of organisms to environment in the more ad- 
vanced stages of development, we may for convenience distinguish 
it as excito-motor behavior from developmental behavior. From 
the present viewpoint, however, such behavior is essentially one as- 
pect or form of developmental behavior, characteristic of the more 
advanced stages after morphological mechanisms have differentiated, 
and developmental behavior in general is merely one aspect of life. 
Life itself, in so far as it consists in reaction or response is behavior 
(Chaps. I, XII, XIV). Jennings says for example: 


“Behavior is merely a collective name for the most obvious and most 
easily studied of the processes of the organism, and it is clear that these 
processes are closely connected with, and are indeed outgrowths from the 
more recondite internal processes.’’ (Jennings ‘06, p. 339). 


Moreover, if behavior means reaction or response to some external 
factor we are forced to conclude that behavior occurs, not only in 
living organisms, but in all non-living things. In short the universe 
considered as a series of changes causally determined by the relations 
between its constituent parts is behavior. 

But, employing the term for the present in its common biological 
sense as referring primarily to excito-motor reactions, it is evident 
that in the behavior of living organisms the capacities of the individ- 
ual for adjustment, equilibration or regulation are even more con- 
spicuous and striking factors than in its other activities. In general, 
behavior appears to be directed toward the end of adjustment and 
the most delicate, most rapid and most complete adjustments are 
accomplished in this way. That is to say, behavior generally, 
though not always, leads to results which are useful to the organ- 
ism in one way or another and enable it to exist, to maintain itself, 
to propagate its kind and particularly in the higher, more strictly 
psychic forms of behavior to profit by past experience and to act 
more or less intelligently when brought into relation to new collo- 
cations of external factors. 

Even the simpler organisms behave, in general, in ways that favor 
their maintenance. In the absence of food, activities appear which 
tend to provide it. Motile forms in a region of insufficient oxygen 
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attempt to escape. Forms normally living in darkness or weak 
light tend to move away from strong light, those needing light move 
from darkness or weak light into stronger. All such reactions are 
not only physiologically speaking equilibrations, but are also regu- 
lations in the stricter sense that they are useful. In fact, as Jen- 
nings puts it, “behavior is adjustment or regulation”? (Jennings, 
05 b, p. 474). 

As in other fields of biological activity, so in the behavior of or- 
ganisms in the stricter sense, we do, however, find many reactions 
which are not useful, and which may even be injurious or lead to 
death. The preference of fishes for water containing certain inju- 
rious drugs (p. 220), the reaction of the moth to the flame, are cases 
in point. Again, the reactions of which the organism is capable may 
not suffice to meet the conditions to which it is exposed and death 
results in spite of them. In water with low oxygen content, for ex- 
ample, Planaria shows first a distinct negative reaction to gravity. 
Such a reaction would ordinarily bring it toward the water surface 
and into levels of higher oxygen content, but in a closed vessel 
without air the reaction, although useless, occurs. In general such re- 
actions are observed under external conditions well outside the stand- 
ardized range which we call normal, in other words, under condi- 
tions to which the evolutionary process of standardization has not 
been applied. Physiologically they are of the same character as the 
useful forms of behavior, but they are not useful and may be in- 
jurious or deadly. The regulatory mechanisms are at work, but are 
inadequate, and any equilibrium attained or approached is so far 
from the normal as to be useless or injurious. In some cases of this 
sort the reaction of the organism undergoes modification in the course 
of time and a useful reaction takes the place of the original useless 
or injurious reaction, but in other cases no useful reaction is possible 
and injury or death is inevitable. 

These cases of useless or injurious behavior, like the useless or 
injurious forms occurring under certain conditions in the regulation 
of form and development (pp. 219-220) are of interest as showing 
something of the limitations of organismic mechanisms, but they 
do not alter the fact that in the main the behavior of organisms is 
both equilibratory and useful, 7. ¢., regulatory in the stricter sense. 

The potentialities of behavior of each organism are of course given 
in the hereditary constitution of its protoplasm in what Jennings 
terms its action system, in its simplest terms, but the actual be- 
havior pattern is realized only in behavior, 7. e., in the reaction of 
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this protoplasm to external factors. As already pointed out, this 
does not mean that light is essential to the development of the be- 
havior mechanisms in which the eye is concerned, or sound to those 
involving the ear. It means merely what I have endeavored to show 
in the preceding section, viz., that protoplasm is not autonomous and 
that the individual from its beginning represents a series of reactions 
to external factors of a particular protoplasm with certain poten- 
tialities. The behavior of the mature organism represents merely 
the most advanced and most conspicuous features of this reaction 
series and is dependent upon the various reactions of earlier stages. 
In his discussion of regulation in behavior and in other fields Jen- 
nings (’06 a, Chap. XXI) reaches essentially this conclusion. 

As regards the methods by which regulation is accomplished 
through behavior, it is evident that they must depend on the nature 
of the behavior mechanisms present in each organism. Moreover, 
if it is true that behavior in the ordinary biological sense is an ex- 
pression of the structural and functional mechanisms which make 
up the organism, it is also evident that the behavior mechanisms 
present in any case must depend upon the fundamental pattern of 
the organism concerned. In most plants, for example, in the ab- 
sence of special motor mechanisms, behavior reactions are usually 
accomplished through growth, turgor changes, etc., while in motile 
organisms movement of the organism is commonly concerned in 
such reactions. In Chapter VI it was pointed out that an organism 
without a permanent physiological axis must necessarily accomplish 
its behavior reactions in ways different from those which are char- 
acteristic of axiate organisms. Again, the method by which the re- 
sult is accomplished must differ in certain respects in radial and in 
bilateral animals. And going one step farther it is also clear that 
the method of reaction must depend upon the degree to which per- 
manent structural and functional mechanisms have developed in 
relation to the general organismic pattern. 

A brief consideration of the simpler forms of motor behavior will 
serve to show something of their regulatory character, and of their 
dependence upon the kind and degree of development of organismic 
pattern and its mechanisms. 


REACTION BY TRIAL AND TROPISM 


The question whether there is a fundamental or primitive mechan- 
ism or method of motor behavior in motile organisms is one of very 
great interest, and in attempts to answer this question two widely 
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different conceptions have arisen. One of these, the theory of reac- 
tion by trial and error or, as commonly known at present, the theory 
of trial, was formulated and developed with reference to the behav- 
ior of the simpler organisms by Jennings, the other, the theory of 
tropisms, with reference to motor reactions of animals, by Loeb.’ 

Trial and error reaction.— The work of Jennings has made the 
conception of reaction by trial so familiar that only a restatement 
of it is necessary: First, definite internal processes, e. g., respiration, 
digestion, transmission of excitation, often internal motor activity, 
etc., are occurring in organisms, and their sum total constitutes the 
physiological state of the organism at any given moment. Second, 
interference with these processes determines changes in behavior and 
varied movements result because motility is a feature of the action 
system of the organism. Third, these movements are purely ran- 
dom movements not directed with respect to the disturbance, but 
they subject the organism to different conditions and among these 
conditions some one may relieve the disturbance of the physiological 
state and then the changes in behavior cease. In short, the organism, 
excited by some external factor, moves about at random until it 
happens upon an environment in which the excitation no longer 
occurs. 

According to this conception any orientation of the organism or of 
its direction of movement with respect to the external factor is purely 
a matter of chance and results from the fact that the organism, when 
disturbed, performs varied movements, some one of which may hap- 
pen to bring it into a definite position or direction of movement with 
respect to the external factor and if this relieves the disturbance it 
continues. Although we need not suppose that in the simple organ- 
isms the disturbance constitutes pain and its removal pleasure, it 
is evident that the theory of reaction by trial as the fundamental 
behavior pattern leads us, as we enter the field of more strictly psychic 
behavior, to a pleasure-pain psychology. 

The tropism theory. — The term tropism has been variously and 
loosely employed. Some regard as a tropism any reaction in which 


1 Only a few references to the extensive bibliography relating to these two the- 
ories and their relative importance need be given here. For statements of the 
trial-and-error theory the experimental data on which it is based and discussion 
of the tropism theory from Jennings’ viewpoint see Jennings, ’04, ’05, ’06, ’08, 
’09, 10. The theory of tropisms and the data bearing upon it have been dealt 
with in many special papers by Loeb and others and in the following general 
works (Loeb, 790, ’99 a, ’06, ’12, 716 b, 18d). For other discussions of these theo- 
ries in relation to behavior see Torrey, 07; Holmes, ’11,’16; Mast, ’11; Ritter, ’19. 
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orientation of the body or of direction of movement with respect to 
the external factor occurs, whether by trial and error or otherwise. 
Others reserve the name ‘“‘tropism”’ for those reactions in which di- 
rect, immediate, or ‘‘forced” orientation occurs in consequence of a- 
symmeiric action of the external factor upon an organism with some 
sort of axiate organization. Both Webster’s New International and 
the Standard Dictionaries define tropism as the inherent or innate 
tendency of organisms to react in a definite manner to an external 
stimulus. Loeb, who is chiefly responsible for the theory of tropisms 
as applied to motor reactions, apparently regards a tropism as a forced 
orientation of an organism based upon a symmetrical mechanism of 
some sort, 7. e., a reaction directly determined through the agency 
of some known or postulated physiological mechanism in consequence 
of the unequal action of the external factor upon the two sides of the 
unoriented body (Loeb, ’18 d). In the case of the motile animal with 
its axis at an angle to the direction of action of the external factor, 
the unequal action of this factor upon the side of the body turned 
toward, and that turned away from it, forces the organism directly 
to change its position or direction of movement until both sides are 
affected alike, that is, until it is moving either directly toward, or 
directly away from the source of the external action. Some organisms 
are positively, others negatively tropic to particular factors and often 
the tropism characteristic of particular conditions is reversible under 
others. The growth reactions of the plants leading to orientation 
with respect to external factors and known as tropisms constituted 
the starting point of Loeb’s theory of tropisms as applied to motile 
organisms, and Loeb considers the tropism as the fundamental form 
of reaction of the motile organism. The theory has been repeatedly 
and severely criticised and many of the criticisms remain unanswered. 

Jennings extends the conception of tropism to any reaction in 
which orientation occurs, whether directly or by trial. According to 
this view of the tropism, it is not the most primitive form of excito- 
motor behavior, but results, either from trial, or from the presence of 
a specialized mechanism which permits immediate orientation. In 
an animal such as an insect with bilaterally localized sensory and mo- 
tor organs, e. g., eyes and appendages, a tropic reaction must involve 
at least a highly complex reflex mechanism and if such a mechanism 
exists, the tropism in the insect is certainly far from being a primitive 
form of reaction. 

The two reaction patterns contrasted. — It is obvious that the 
trial-and-error method of reaction to any particular factor depends 
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on the absence of mechanisms which provide for immediate, direct, 
or in the higher animals and man, conscious and intelligent orienta- 
tion. The tropism theory, on the other hand, postulates the exist- 
ence in all reacting organisms of a mechanism so related to the action 
of external factors that it makes possible direct or forced orientation. 
In short, although Loeb holds that the tropism itself is not regulatory, 
adaptive or useful, it is evident that the mechanisms postulated as 
the basis of the tropisms imply a far greater degree of evolutionary 
standardization, 7. e., of adaptation, than do the mechanisms of trial 
and error. 

In the case of Ameba the interpretation of directed movement, 
e. g., with respect to light, in terms of Loeb’s theory of tropisms re- 
quires the postulation of a photoreceptor mechanism of remarkable 
delicacy and one in which the chemical or other action of light is very 
directly related to amceboid movement. If such a mechanism exists, 
it is certainly a regulatory mechanism, useful to the animal, and there- 
fore a feature in evolutionary standardization, that is, an adaptation. 
Again, in the tropic orientation of axiate organisms, an axiate pattern 
must be present, and Loeb (’18 d) apparently regards symmetry as an 
essential factor in tropic behavior. In fact, it seems evident that the 
tropisms, as conceived by Loeb, require a greater degree of develop- 
ment of organismic pattern and mechanism than do the trial reactions. 
If pure tropisms exist they certainly represent a more advanced 
stage in the development of behavior than the trial reactions. 

Obviously both methods of reaction, so far as they are really differ- 
ent, represent processes of regulation or equilibration. Whether the 
reaction is by trial or tropic, it normally represents an approach 
toward an equilibrium after disturbance of the previously existing 
condition. Obviously also both sorts of reaction represent a result, 
an expression of the structural and functional mechanisms which make 
up the organismic pattern and which are themselves a consequence 
of developmental behavior. 

Attention may be briefly called to the relation between the motor 
reactions and the axial gradients which I have called the primary, 
regulatory and behavior mechanisms of the organism as an individ- 
ual. The anaxiate Ameba does not turn its body about in orienta- 
tion but develops a temporary regional differential, in other words, it 
acquires a new temporary behavior pattern of axiate character (see 
pp. 57-59). In the axiate organism this pattern is already estab- 
lished and has determined various mechanisms, and radial or bilat- 
eral pattern and mechanisms are also present. Fixity and complex- 


REGULATION OF PATTERN 233 


ity of mechanism are far advanced in these forms, but, as pointed 
out in Chap. VI, even such organisms may develop new excito-motor 
behavior patterns, either for the time being, or as a more or less per- 
manent habit. These new patterns apparently originate, like the 
axial gradients, in regional differentials in activity, determined by 
some factor external to the protoplasm concerned. If they persist 
for any considerable length of time, they may become important 
factors in further reactions. 


REFLEX BEHAVIOR 


Reflex action, as the term is commonly used, implies the presence 
of a more or less differentiated sensory apparatus of some sort, the 
receptor, a differentiated nervous path, the conductor, and a differ- 
entiated motor or other organ as the effector, Herrick. (’22, Chap. 
IV and ’24, Chap. XVII), and various other authorities also include 
a central nervous organ, the adjustor, in the reflex mechanism. The 
reflex arc is then a rather highly specialized structural and functional 
mechanism which accomplishes a definite reaction of a particular kind 
involving certain definite organs. Reflex behavior is in general con- 
spicuously and immediately regulatory in character. The burned or 
pricked finger is reflexly withdrawn from the source of disturbance. 
Irritation of the eye by intense light, by dust, etc., brings about clos- 
ure of the lid and increased secretion of the lachrymal glands. Reflex 
equilibration of the body follows disturbance of normal position and 
so on. Consciousness, intelligence, reason are not concerned in such 
reactions. In nature, however, the reflex arc is not usually if ever, 
an independent reaction system but is correlated with other arcs. 
In the nervous systems of the higher animals and man these correla- 
tions and combinations constitute an apparatus of regulation, or of 
equilibration of almost inconceivable complexity, delicacy and range 
of action (Herrick, ’24, Chaps. XVII, XIX). 

It is a self-evident fact that the reflex arcs and the reflex behavior 
of any organism are dependent upon the course of development in 
that organism. They are consequences and expressions of all that 
has gone before. The receptor and effector connections of each reflex 
arc, the interrelations of different arcs, whatever their adaptive evolu- 
tionary significance, must all have a physiological basis in the devel- 
opmental processes and are evidently outgrowths of the general organ- 
ismic pattern. In fact, the physiological continuity in the individual 
between the physiological or metabolic gradient and the reflex arc 
is evident (Child, ’21.a, Chap. XIII). The physiological gradient is 
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the general physiological foundation on which the refléx are develops. 
If we consider development in its functional, rather than in its struc- 
tural aspects, it appears that the gradient is the primitive and gen- 
eralized excitation arc out of which the various reflex arcs develop by 
specialization of function and differentiation of structure. In short, 
the physiology of development of the reflex arc has its starting point 
in the excitability of protoplasm, the differential action of environ- 
mental factors upon it and the resulting physiological gradient or 
gradients. 

It is perhaps necessary to emphasize again the fact that this con- 
tinuity with which we are concerned here is strictly physiological 
continuity in individual development, not hereditary continuity. 
The possibilities of reflex pattern in any particular protoplasm are 
of course given in the hereditary constitution of that protoplasm, but 
the actual reflex pattern appears only in the development of the indi- 
vidual, 7. e., as a behavior pattern in the broad sense in that proto- 
plasm. And the evidence indicates that the physiological gradient 
is the primary mechanism of organismic integration, equilibration 
and regulation. If it is true, as I have endeavored to show, that the 
physiological gradient in each case represents the behavior of a proto- 
plasm of a certain hereditary constitution in response to an external 
differential, it becomes clear at once that this behavior is the physio- 
logical factor which initiates the realization of the hereditary possi- 
bilities, that is to say, the development of the germ plasm into indi- 
vidual organisms. From the physiological viewpoint, then, the reflex 
arcs and the reflex behavior of any particular organism, like other 
characteristics of the individual, are determined by this primary 
behavior and from the viewpoint of heredity, by the hereditary consti- 
tution of the protoplasm. Here, as elsewhere, heredity determines 
the possibilities in each case and behavior in the broad sense deter- 
mines the realization of possibilities in each individual. 

Elsewhere (Child, ’21a) I have maintained that it is impossible to 
account physiologically for the origin and development of the ner- 
vous system except in some such terms as these. If the individual is 
not from the beginning of its development a behavior pattern we can- 
not escape some form of dualism or vitalism. The reflex is the unit 
reaction (Sherrington) or the physiological unit (Parker) on which 
nervous function and integration are built up, and if physiological 
continuity between the reflex and the primitive behavior of proto- 
plasm, as shown in the gradients resulting from differential excita- 
tion, does not exist, the problems of the origin and development of 
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the nervous system and of reflex behavior must, I believe, be regarded 
as metaphysical rather than scientific problems. 

The relations between reflex, trial and error, and tropic behavior 
require brief consideration. Trial reactions and tropisms occur both 
in organisms without and those with structurally differentiated ner- 
vous systems. In the former there are, strictly speaking, no reflex 
ares, but temporary or permanent excitation arcs or excitation gra- 
dients may be present and so be factors in the reactions. In forms 
possessing nervous systems, reflex ares may play a part in both trial 
reactions and in tropisms. The behavior of the decapitated frog when 
a drop of acid or other irritating substance is placed on one hind leg 
and the other held is a beautiful case of reflex trial reaction. Failure 
to remove the source of irritation by reflex movements of the other 
leg is followed by various other movements, until, if the irritation is 
sufficient, the greater part of the muscular system of the animal is 
involved. In organisms with bilateral sense organs and a nervous 
system a tropic orientation must depend upon a reflex mechanism. 
In fact, tropisms in general, at least in animals, are often regarded as 
reflex behavior. 

Summing up, the reflex, strictly speaking, is a specialized behavior 
pattern depending on the presence of certain morphological mech- 
anisms; but it is physiologically a development from the primary 
organismic behavior mechanism, the excitation gradient. Both trial 
and error reactions and tropisms are integration patterns of the be- 
havior mechanisms present in the organisms concerned and in or- 
ganisms possessing reflex arcs either trial reaction or tropism may con- 
sist of reflexes. The question of the réle of the reflex are in conscious 
intelligent behavior of man and the higher animals is outside the 
limits of this consideration (see the concluding chapters of Herrick,’24). 


REGULATION IN ITS HISTORICAL ASPECTS 


While regulation is in physiological terms equilibration accom- 
plished in one way or another, from the viewpoint of evolution it is 
in general adaptive. The protoplasmic constitution which makes 
possible certain equilibrations favoring maintenance of the system 
in response to external disturbance is able to survive and persist 
under conditions which determine the destruction of some other pro- 
toplasm that does not possess the same possibilities of equilibration. 
The latter protoplasm, on the other hand, may be able to undergo 
equilibration to certain other disturbing conditions which destroy 
the former. Different protoplasmic constitutions present different 
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possibilities of equilibration and every change in protoplasmic con- 
stitution provides new possibilities. The mechanisms of equilibra- 
tion are the physicochemical changes which make up life in their 
interactions and interrelations. In the organism all the mechanisms 
of physiological correlation are concerned. Whatever value we may 
assign to natural selection with respect to morphological characters, 
we cannot deny its importance with respect to these mechanisms of 
equilibration. Its action is inevitable. A protoplasm or organism 
which cannot equilibrate under certain conditions in such a way as 
to persist perishes, while one which is able to equilibrate survives. 
Going one step farther it is evident that in the course of evolution the 
useless or injurious equilibrations must in the main disappear, since 
the organisms in which they occur must be more or less rapidly weeded 
out. 

If the conception of the individual organism which has been de- 
veloped in the preceding chapters and elsewhere (Child, ’15 ¢, ’21 a) 
in some measure approximates the truth, we are forced to the con- 
clusion that evolution is primarily concerned, not with morphological 
characters, but with these physiological mechanisms of equilibration 
and integration. In other words, the organism has evolved prima- 
rily, not as a morphological structure, but as a behavior mechanism 
in the broadest sense. The morphological features are secondary 
products of the behavior mechanism. 

Evolution, as suggested at various points in this chapter, has been 
a process of standardization, of the behavior mechanisms of organ- 
isms,.and through these behavior mechanisms, of the conditions 
which they are likely to meet in nature. In this way we attain again 
the conception of the normal in organisms and the normal in envi- 
ronmental factors. Within the range of these norms the mechanisms 
of behavior, that is, of equilibration or regulation, are in the main use- 
ful or adaptive; they tend toward persistence of the individual or 
maintenance of the species, or often both. Such adaptation is not 
dependent upon some mysterious purposive character of the mechan- 
isms of equilibration, but appears to be primarily a matter of selec- 
tion of protoplasmic constitutions, of action systems with their mech- 
anisms. 

It is difficult not to believe that the natural selection of mechanisms 
of equilibration or regulation is an important factor in evolution but 
its action does not exclude or conflict with the action of various other 
factors. Changes in protoplasmic constitution may conceivably occur 
suddenly as mutations, or gradually as lesser variations. Certain 
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courses of change may be inherent in certain protoplasmic constitu- 
tions. A secular senescence (Child, ’15 b, pp. 193-4,) or more or less 
irreversible differentiation may occur in the evolutionary history of a 
protoplasm, and, as Herrick (’20) has pointed out, may appear as 
an orthogenesis. 

Whatever the factors of evolution, there can be little doubt that 
it is primarily concerned with mechanisms of equilibration, integra- 
tion or regulation, in short with behavior mechanisms in the broad 
sense. Morphological characters are the products or the records in 
protoplasm of the action of the behavior mechanisms and so are of 
secondary importance. If this is true the organism, not only in its 
life as an individual, from the beginning of development on, but in 
its evolution, is fundamentally a system of behavior mechanisms. 
Evolution has standardized for every species both these mechanisms 
and the range of conditions to which they are likely to be exposed. 
The result is on the one hand what we call the normal in nature and 
on the other the capacities of the organism for ‘‘return to normal,” 
“adjustment of internal relations to external relations,”’ or regulation. 


CONCLUSION 


This chapter is a consideration of certain aspects of life as a series 
of equilibrations or regulations. The mechanisms of the living organ- 
ism are from the beginning on behavior mechanisms, and excito- 
motor behavior is not something distinct from these mechanisms 
and superadded at some stage, but it is the outgrowth, the conse- 
quence, and for the individual the culmination of organismic inte- 
gration and the most advanced expression of organismic pattern. 
The physiological gradient as the primary behavior mechanism of 
axiate type and the primary factor of axiate pattern and integration 
constitutes the general physiological foundation on which the axiate 
behavior patterns are built up. From this viewpoint life is, physio- 
logically speaking, behavior, equilibration, regulation, and evolution 
is a process of standardization of the behavior mechanisms of proto- 
plasms and of the range of environmental conditions to which they 
are likely to be subjected. 

In an earlier discussion of regulation (Child, ’11 f) attention was 
called to the analogy in certain respects between the living organism 
and the flowing stream. Both are within a certain range equilibrat- 
ing systems and in both structure and function are similarly interre- 
lated. The stream like the organism is always approaching equilib- 
rium, but if it attains equilibrium it ceases to flow and is “dead.” 
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From the morphology of its banks and channel we can determine that 
such a “dead stream” was once a flowing stream, but this morphology 
is merely the record of its past activity. As the stream flows struc- 
tural and functional equilibration, in short, regulation, is always taking 
place and always making the stream different in some way from what 
it was previously. We cannot, I believe, adequately conceive the 
living organism except as such a system in which equilibration between 
the parts and between the whole and its environment is continu- 
ously going on and continuously changing the organism. We are 
forced to believe that the organism is not left absolutely unchanged 
by anything that has any relation to it. Life is change, modification, 
progression. 

We reach the conclusion then that the organism does not, strictly 
speaking, represent the maintenence of a certain equilibrium, in 
spite of external disturbance, but rather a continuous alteration 
and equilibration in reaction to external factors. It is not a “closed 
system”’ maintaining itself against the rest of the world, but a system 
open at every point and in continuous and necessary relation to 
environment and the same is true for its parts in their relations with 
each other. Only through the fact that it is an open system are devel- 
opment and evolution possible. Evolution is a process of standard- 
ization of the potentialities of behavior, of regulation, and of its 
mechanisms and through this means, of the environmental conditions 
to which the individual is likely to be subjected. 


CHAPTER XIV 
MODIFIABILITY OF PATTERN IN GENERAL 


Even though we accept the conclusion of the preceding chapter 
that life is a series of modifications of protoplasmic and organismic 
patterns, it is evident that both in the individual and in evolution 
different components and features of pattern exhibit different degrees 
of fixity or modifiability. This is particularly true for excito-motor 
behavior, but it is also true for development, and for the structural 
and functional mechanisms of the mature organisms. Moreover, 
different species show wide differences in modifiability of pattern. 
In some, even the more fundamental components of pattern may be 
readily and greatly modified, while in others they are fixed or stable to 
a high degree. Again the stability of a particular component of pat- 
tern may differ widely at different stages of development. It may be 
readily modifiable at one stage and highly stable at another. 

It is evident that our interpretation of fixity and modifiability 
must depend upon our conception of organismic pattern in general 
(see particularly Chaps. III, XII, XIII). Preformistic theories, for 
example, lead us to a conception of a normal pattern, which is predeter- 
mined and innate, that is to say inherited, while modifications of that 
pattern represent effects of individual reactions to environmental 
factors. From the physiological viewpoint, however, the normal 
pattern is no more and no less preformed, predetermined, or hereditary 
than any modifications or abnormal patterns. All organismic patterns 
are hereditary in that they represent potentialities of a certain proto- 
plasmic constitution. On the other hand, the evidence forces us to 
the conclusion that all are likewise behavior patterns, that is, their 
realization is not an autonomous action of a protoplasm, but the 
reaction of a protoplasm of specific constitution to an environment. 
If this is true, fixity and modifiability of pattern are to be interpreted 
physiologically, not in terms of a predetermined normal and departures 
from it, but rather in terms of the physicochemical constitution 
of each particular protoplasm and the effects of external factors 
upon it. The normal in any field of biology represents merely a certain 
range of pattern among the potentialities of the protoplasmic system, 
and its significance is not physiological but evolutionary. Physio- 
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logically it represents merely the realization of certain possibilities of 
the system in relation to certain conditions, but from the evolutionary 
viewpoint it represents a standardization of both the protoplasmic 
system and the conditions to which it is subjected (Chap. XIII). 

Moreover, a distinction is to be made between the modifiability 
of pattern in organisms through the direct action of external factors 
and the modifiability through internal factors, changes in physiologi- 
cal state (Jennings). In the case of excito-motor behavior modifia- 
bility through changes in external factors is so obvious and charac- 
teristic that it is commonly taken for granted and the student of 
animal behavior is chiefly concerned with modifiability in its relation 
to internal physiological conditions or physiological states. Physio- 
logical states do not, however, arise or change autonomously so far 
as we know, but in the final analysis are related to external factors. 
To the “behaviorist”’ the point of chief interest is of course the modifi- 
ability of behavior by experience, the ability of the organism to learn, 
and it is evident that such learning can occur only when some sort of 
record or effect of a previous reaction to an external factor persists 
in the protoplasm (Herrick, ’24, Chap. XX). 


MODIFIABILITY OF DEVELOPMENTAL PATTERN 


Development as modification— The development of the individual 
is itself a series of modifications of pattern (see Chap. XIII). More- 
over, if the physiological conception of organismic pattern is correct, 
protoplasm does not give rise autonomously to such pattern, but 
only as it is modified by external factors. According to the conception 
of the physiological gradient, organismic pattern originates in the 
local or differential alteration in rate of the fundamental physiological 
activities of protoplasm by some external factor. Such alteration 
amounts essentially to local or differential excitation or inhibition. 
This of course constitutes a modification of the preéxisting pattern, 
and if this modification persists, it becomes the basis of a physiological 
axis and of the developmental changes occurring in relation to that 
axis. New gradients arising in particular regions during the course of 
development initiate new series of modifications and the appearance 
of local qualitative differences affords a basis for chemical or transpor- 
tative correlation and so for further modifications. In fact, this 
process of development of an individual from an egg, @ spore, an 
isolated piece, or any other reproductive element, involves a modi- 
fiability so great that many biologists are still not quite able to accept 
the evidence of their senses, even when reinforced by the experi- 
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mental method. They find it necessary or desirable to postulate at 
least the rudiments of the pattern as a property of the germ plasm, 
but they either ignore the problem of the origin of this primary pat- 
tern or offer only speculative solutions of it. Physiologically consid- 
ered, the development of individual pattern is the realization of new 
patterns out of the potentialities of preéxisting patterns through 
behavior. In the development of the social institution which we call 
a state new patterns, new mechanisms, which existed only as poten- 
tialities of the system, 7. e., as ideas, or possible ideas in the minds of 
men, become real working patterns and mechanisms. We are accus- 
tomed to say that the human mind has “created” these new patterns 
and mechanisms. In the development of organisms an essentially 
similar “creation” occurs and there is no reason so far to believe that 
Driesch’s entelechy or Bergson’s élan vital is any more necessary for 
such creation than for the creation of a new chemical compound out of 
the reacting substances, or for the creation of the features involved 
in the development and differentiation of a flowing stream and its 
banks and bed. 

Under the usual standardized range of conditions the order and 
course of the modifications constituting development are relatively 
constant in each particular protoplasm and from this fact the idea 
has arisen of the normal in development as something fixed or prede- 
termined, at least to a relatively high degree (pp. 215-219). From 
this viewpoint, modifiability represents the capacity of the organisra 
to depart from this fixed or predetermined course of events in reaction 
to external factors. The normal may include a certain range of 
modifiability, but beyond this, modifiability leads to ‘“abnormal”’ 
results. In the preceding chapter I attempted to show that the real 
significance of the normal in biology is not physiological but histor- 
ical or evolutionary. Physiologically normal and abnormal represent 
merely different degrees or ranges of modification and may be deter- 
mined by different energies, intensities, or periods of action of the 
same factor. 

Changes in modifiability with progress of development. — When 
we examine modifiability or developmental pattern more closely we 
see that it is apparently related in certain ways to stage of develop- 
ment of the individual and of evolution of the species or group. These 
relations may be briefly stated as follows: modifiability of the morpho- 
logical pattern and of the special functional expression of each 
structural mechanism decreases in general with the progress of 
development and of evolution. By this statement we mean merely 
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that the range of external conditions under which these features of 
pattern persist, increases during development and evolution. If 
development and evolution are equilibrations following disturbances, 
this progressive stabilization of pattern is to be expected. Specifically 
it must result from physical and chemical changes which are irreversi- 
ble or only in part reversible under ordinary conditions. The accu- 
mulation of relatively stable molecules provides a more or less per- 
manent structural basis for functional stability, and functional sta- 
bility tends in its turn still further to increase structural stability. 
Considering, for example, the primary factor of axiate pattern, the 
“polar” gradient, we see that a simple organism like Ameba may 
acquire such a gradient or axis temporarily as a result of an external 
differential (pp. 57-59), but the nature of the Ameba protoplasm 
is such that the gradient disappears soon after the external factor 
ceases to act. In the egg of Fucus, however, differential exposure 
to light for a few hours determines a gradient which becomes the 
basis of the axiate pattern of the plant (pp. 58-61). Similarly in 
the hydroids we see gradients determined by external differentials 
persisting after the external factor has ceased to act and becoming a 
permanent or relatively permanent basis of pattern (pp. 115-123). 
Even in the fully developed hydroid, however, the stability of this 
fundamental factor in the pattern, viz., polarity, is not very great, 
a. €., is dependent on a relatively narrow range of conditions. Old 
gradients may be obliterated and new gradients, and so new polarities, 
may be experimentally determined in various ways (pp. 119) 123)<In 
Planaria, where a greater degree of differentiation has occurred in 
relation to the axial gradients, with a nervous system of well-defined 
axiate pattern as its primary characteristic, the experimental oblitera- 
tion of preéxisting axial gradients and the establishment of new 
gradients requires much more extreme conditions. In many of the 
higher animals we are able at present to obliterate the major axial 
gradients and determine new ones only in the earlier stages of develop- 
ment or not at all. 

Again, the experimental alteration of slope of the axial gradient 
through differential susceptibility and the resulting alterations of 
form are brought about by less extreme conditions in the earlier stages 
of development and in the simpler organisms than in later stages and 
more highly differentiated forms (pp. 101-109). In the sea urchin, for 
example, a certain degree of differential inhibition applied during the 
early stages may greatly reduce or obliterate polarity as well as bilater- 
ality, while the same degree of inhibition at a later stage may reduce 
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or obliterate bilaterality while polarity still persists (Child, ’16 d), and 
at still later stages may have but little effect on either polarity or 
bilaterality. 

As regards form-regulation, the reconstitution of individuals from 
isolated pieces, the regeneration of appendages, organs or tissues, we 
find in general that the simpler organisms are more capable of modifi- 
cations along this line than the more highly specialized. In many 
plants every cell or almost every cell is capable of giving rise to a new 
individual. Among sponges and hydroids very small fragments are 
capable of forming complete new individuals (H. V. Wilson, ’07, 
11 b). Among the Turbellaria limitations in this reconstitutional 
capacity occur. In some species, e. g. Planaria, some cells at all levels 
of the body are sufficiently modifiable to give rise either to a head or 
a posterior end according as they lie at the anterior or posterior end 
of an isolated piece. In other forms such as Dendrocelum (F. R. 
Lillie, 01) only the cells of the more anterior body levels are able to 
develop new heads, and in most of the rhabdoccels and the polyclads 
levels posterior to, or more than a very short distance posterior to the 
cephalic ganglia do not give rise to new heads, but all levels are ca- 
pable of giving rise to posterior parts. Among the aquatic oligochetes 
a very similar antero-posterior decrease in modifiability of pattern 
in the regulation of pieces occurs (Hyman, ’16 a). In the later stages 
of development of the arthropods and vertebrates no cells of any 
level of the body are able under any known conditions to give rise to 
a new head, though appendages and various minor parts are regener- 
ated in arthropods and the lower vertebrates, and tissue regenera- 
tion occurs even in the mammals and man. 

Similarly the range and frequency of ‘‘ abnormal ” forms in form 
regulation are much greater in the simpler than in the more com- 
plex animals. With the determination of new gradients the occur- 
rence of biaxial and multiaxial forms (“axial heteromorphosis ’’) is 
readily controlled experimentally im the hydroids (pp. 116-118). 
Among the flatworms and oligochetes biaxial forms are of less 
general occurrence and in other groups can be produced only in 
the earlier stages of development if at all. In the adult Planaria 
a series of different degrees of differential inhibition of head- 
development can be determined experimentally in a great variety 
of ways (Child, ’21 c). In fishes and amphibia somewhat similar 
modifications can be experimentally determined in early develop- 
mental stages, but not later (Stockard, ’07, ’09, 710, ’11, 21; Bel- 
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So-called self-differentiation and mosaic development. — Many 
of the special preblems of the physiology of development are simply 
different aspects of this general problem of modifiability of pattern. 
The apparent self-differentiation (Roux) or independence of certain 
parts, the correlative differentiation or dependence of others, the 
“mosaic” character of the early developmental stages of the annelids 
and mollusks and certain other forms (pp. 146, 244) and the plastic- 
ity of the early stages of echinoderms, medusw, ete,, all represent 
widely different degrees of modifiability either of different parts of 
the same embryo or of different species. 

In the discussion of mosaic development in Chapter X, it was 
pointed out that development is not always a mosaic of independent 
or self-differentiating parts, as the earlier preformistic theories as- 
sumed, but that very different degrees of independence or dependence 
of parts appear, according to species, stage of development and re- 
gion of body. According to the theory of qualitative nuclear division 
which postulated the distribution of different determinants or other 
hereditary entities to different nuclei in early development, devel- 
opment must always be a mosaic. As the advance of knowledge 
forced the abandonment of this theory, the theory of “formative 
substances” definitely localized in the cytoplasm and distributed 
to different cells took its place. But the attempts to interpret mo- 
saic development in terms of such “formative substances” localized 
in different regions of the egg was practically abandoned when it was 
shown that the localization and distribution of the supposed form- 
ative substances might be very greatly altered without altering po- 
larity or the course of development and differentiation (I, Ry Lillie, 
08). These facts made it clear that at least many of the supposed 
formative substances were first of all the products rather than causes 
of differentiation and that we must account for their presence rather 
than use them to account for development. 

In general the facts show that the stability of organismie pattern 
in the egg at the beginning of embryonic development differs widely, 
not only in different species but as regards different regions of the 
body. While we know practically nothing as yeb concerning the 
physico-chemical basis of this stability in any particular case, its 
relations with the physiological gradients are evident (Chap. X), 
In some protoplasms, e. g., annelids and mollusks, the gradients de- 
termine a relatively stable pattern before cleavage begins, while in 
others, such as the sea urchin egg, the changes brought about by the 
presence of a gradient or gradients are much less stable ‘and may 
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even be completely obliterated experimentally (pp. 104-107). In 
general, also, so-called self-differentiation and correlative differen- 
tiation are expressions of conditions existing at different levels of a 
physiological gradient. The high end of a gradient, the dominant 
region, is the most nearly self-differentiating, or independent of any 
body level (see Chap. X, also Child, ’21 a, Chap. VII) and the de- 
gree of dependence increases as we go down the gradient. 

According to this view “mosaic’’ development and “self-differen- 
tiation’’ are merely consequences of stability or fixity of certain fea- 
tures of organismic pattern in eggs and early developmental stages 
of certain forms. It makes little difference whether we say that the 
annelid egg has developed a greater degree of specialization than the 
sea urchin egg along the gradient at the beginning of embryonic de- 
velopment, or that the constitution of the annelid protoplasm de- 
termines that the differences at different levels of the gradient when 
once established are much less readily reversible than in the sea ur- 
chin egg. 

As long as development proceeds without extensive alteration of 
gradients and patterns the differentiation of different parts becomes 
in general increasingly independent or mosaic-like, but in the annelid 
the apparent mosaic character of early stages concerns the larval 
rather than the adult organs, and disappears more or less completely 
with metamorphosis and the development of the trunk region. 


DEVELOPMENTAL MODIFIABILITY IN RELATION TO PHYSIOLOGICAL 
GRADIENTS AND OTHER FACTORS 


It has long been recognized by students of evolution that in gen- 
eral characteristics of early phylogenetic origin are less modifiable 
than those of later origin. Similarly, in the development of the in- 
dividual, it is evident that under the usual range of conditions, the 
larger more general features of organismic pattern which appear 
earlier in development are less modifiable than the details of pattern 
which appear later, and polarity and symmetry, the most general 
features of organismic pattern are the most stable of all. If we are 
able to modify polarity and symmetry we modify the whole pattern 
of the organism (Chaps. VIII, IX). As regards the individual, these 
differences in modifiability are expressions of the fact that the pri- 
mary physiological gradients once established, are the most stable, 
the least modifiable features of organismic pattern, because such 
gradients are the record in protoplasm of the most generalized form 
of reaction which underlies all other organismic behavior. Only in 
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so far as the primary gradients persist in a protoplasm is any fur- 
ther development of organismic pattern possible. Returning again 
to Ameba and Fucus (pp. 57-61), we see that in Ameba each 
pseudopod is for the time being a gradient, or the whole body 
may become temporarily axiate, but the gradients constituting such 
patterns are completely reversible and therefore do not become the 
starting point of differentiation. In Fucus, on the other hand, the gra- 
dient determined by the illumination differential persists and con- 
stitutes the basis of the whole axiate pattern of the plant. 

Going one step further, it is also true in general that the fixity or 
modifiability of the other components of organismic pattern depends 
upon their relation to the primary gradients. The more general 
features of pattern more directly and closely related to the general 
axial gradients are more stable than the minor features, appearing 
at later stages and representing more remote relations to the pri- 
mary gradients. For example, the localization, course of develop- 
ment and general pattern of the central nervous system, all of which 
are very closely related to the primary gradients (Child, ’21 a) are 
much more stable features of pattern than the relations between 
different reflex arcs and neuron paths. Even in man these latter 
vary widely as regards different individuals and are highly modifi- 
able. Again, the bilateral arrangement of appendages on the body 
is less readily modifiable than the structure and symmetry of the 
single appendge. 

In animals we also find that the components of pattern which rep- 
resent higher levels of a gradient are less readily modifiable into 
those representing low levels than the reverse. In Planaria, for 
example, it has never been possible to transform a head into any 
other region of the body, but any other level may transform into 
a head. Somewhat similar relations exist in other animals in which 
isolated pieces from the lower levels give rise to new complete in- 
dividuals, e. g., hydroids, many flatworms and annelids. 

These examples serve to illustrate what appears to be a fact of 
very general, if not of universal significance in the development of 
organismic pattern, viz., that there is a relation between the stability 
of the components of organismic pattern and the metabolic rate of 
the region or developmental stage in which they arise. In general 
those pattern components determined in the earlier stages of develop- 
ment and at the higher levels of a gradient are more stable than those 
determined at later stages and lower levels. The rate of metabolism 
is in general higher in earlier stages of development from the begin- 
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ning of morphogenesis on, than in later stages (Child, 715 b) and is 
also higher at higher levels of the gradient than at lower. In many 
organisms there are regressive stages in development, as in the atro- 
phy and loss of larval organs in nemerteans, echinoderms, polychetes, 
insects, etc. In such cases previously existing gradients may disap- 
pear and be replaced by others and under the altered conditions the 
stability of pattern of the earlier stages may also disappear and new 
relations of stability be built up with the new gradients. Evidently 
the stability of any pattern component, structural or functional, can 
persist only so long as the more general components of pattern on 
which its existence depends are stable. 

In a particular environment a certain organismic pattern may ap- 
pear highly stable, but experimental changes in environment may 
show that even its most general features are readily modifiable by 
many factors. This is strikingly true in the case of the sea urchin. 
The normal pluteus presents a very definite, highly constant pattern, 
but through experimental conditions affecting the height, slope, etc., 
of the gradients, this pattern is modifiable to such an extent that if 
we did not know the origin of the forms thus produced, we should 
never recognize them as belonging to the same species, or in the more 
extreme cases, to the same class, or perhaps even the same phylum as 
the normal larvee (Child, ’16 d, also pp. 83, 84 ,106). 

If we consider the development of the individual as a dynamic 
equilibration (Chap. XIII), we see that modifiability of organismic 
pattern follows in general the same laws as modifiability of pattern 
in other dynamic systems. In the flowing stream the more general, 
larger features of pattern are more stable than the details and the 
morphological features determined at a high rate of flow are more 
stable than those determined at a low rate of flow. Whatever future 
investigation may teach us concerning the particular physical and 
chemical conditions concerned in the development of the organism, 
its similarity in many respects to non-living dynamic systems is, I 
believe, highly significant. 

When we turn to phylogeny we find, in so far as we can analyze the 
evidence, that the same general laws hold as for the individual. As I 
have suggested in earlier publications (Child, ’11f, ’15b, pp. 266-270), 
evolution, as well as individual development, appears to be an equil- 
ibration process, that is, the course of evolution has been in general a 
progressive fixation or stabilization of mechanisms composing organ- 
ismic pattern. We do not know whether the rate of metabolism has 
undergone a general decrease during evolution, as it does during In- 
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dividual development and senescence, but if the “biogenetic law”’ that 
ontogeny repeats phylogeny means anything, it must mean that indi- 
vidual development and evolution represent changes in protoplasm 
which are similar in general character and course, but of very differ- 
ent period. If the individual organism represents the behavior of a 
particular cell or cell mass in a particular environment, evolution 
represents the behavior of protoplasm in general in environment in 
general, or more specifically, the behavior of the primordium or sub- 
stratum which we call in abstract terms the “germ plasm,’’ and on 
which the pattern of the individual organism is superimposed. There 
is in fact some ground for the assertion that the pattern of the indi- 
vidual organism represents primarily, or in large measure, the be- 
havior pattern of the cytoplasm, and the evolutionary pattern pri- 
marily the behavior pattern of the nucleus. To conceive evolution as 
behavior and the patterns of the various phyla, classes, etc., as behav- 
ior patterns, does not by any means require the adoption of Lamarck- 
ian views. The behavior of the “germ plasm” in relation to its 
environment rather than the behavior of each individual organism 
may be the significant factor in evolution. 


DEVELOPMENT, MEMORY AND LEARNING BY EXPERIENCE 


At the beginning of this chapter it was noted that to the student 
of animal behavior modifiability usually means the possibility of al- 
teration of behavior under identical external conditions through 
changes in physiological condition or state of the organism. Modifi- 
cation in this sense, 7. e., learning by experience, occurs when traces, 
records, or effects of a previous reaction are more or less irreversible 
and persist after the external factor determining them has ceased to 
act and so become factors in altering the course of subsequent re- 
actions. 

The biologist ordinarily thinks of development as something very 
different from such modification of behavior by experience, but from 
time to time the idea that the basis of heredity and development is 
fundamentally similar to memory has been advanced. More than 
forty years ago Hering (’76), in his highly suggestive paper “On Mem- 
ory as a General Function of Organized Substance” advanced this 
idea in general form. Later Semon (’04 and later works) developed 
the idea in great detail, but in Lamarckian terms. Various other sug- 
gestions along the same line have also been made. Manifestly this 
mnemic conception of heredity is not necessarily Lamarckian. Even 
if heredity is protoplasmic memory, it is not necessarily memory of 
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the characteristics acquired by the parent individual or earlier an- 
cestors, but may be merely memory of the reactions of the germ plasm 
to its environment. 

The present purpose is to call attention briefly to certain physio- 
logical features of individual development as they appear from a non- 
Lamarckian mnemic viewpoint. If the physiological axial gradient 
originates primarily as a reaction to an external differential, its per- 
sistence after the external differential has ceased to act, makes it a 
factor in modifying all subsequent reactions of the individual. What 
else is the gradient determined by light in the Fucus egg than a phys- 
iological memory of the differential exposure to light? And is it not 
true in a general physiological sense that through the experience of 
differential exposure to light the organism of Fucus learns to behave 
as an axiate organism? Ameba, on the other hand, may also learn 
to behave in an axiate manner (Figs. 13, 14), but here the proto- 
plasmic memory is short and the axiate pattern usually persists 
only a short time. 

Not only the primary axial gradients, but their later alterations 
and the new gradients of parts, organs or cells, may also be regarded 
as protoplasmic memories of environmental differentials of some sort. 
Viewed in this way the whole course of development is a process of 
physiological learning, beginning with the simple experience of differ- 
ential exposure to an external factor, and undergoing one modifica- 
tion after another, as new experiences in the life of the organism or of 
its parts in relation to each other occur. Memory and learning in the 
narrower, psychological sense represent that part of the general de- 
velopmental learning process which concerns the minute pattern of 
certain regions of the nervous system in advanced stages of develop- 
ment, particularly in the higher animals. There is no evidence of any 
fundamental physiological difference between the general proto- 
plasmic memory as expressed in physiological gradients and their 
effects and the higher forms of memory characteristic of the central 
nervous system. 

To sum up: the development of the individual may be regarded 
as the expression of a general protoplasmic memory, and experiment 
shows us that developmental behavior is modifiable by experience. 
Such modification or learning is going on at all times from the differ- 
ential exposure which determines the primary axial gradient, to the 
end of life. To the objection that interpretation of a series of phenom- 
ena such as development in terms of a less known series serves no 
useful purpose, it may be replied that, although we know more in cer- 
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tain respects about individual development than about memory in 
the strict sense, yet in certain other respects we know more about 
memory than we do about development. To interpret development 
in terms of memory and learning is simply to identify certain char- 
acteristics of development with certain characteristics of memory and 
learning, and such identification is one step in a process of synthesis. 


CHAPTER XV 


MODIFIABILITY OF EXCITO-MOTOR BEHAVIOR IN 
RELATION TO GENERAL ORGANISMIC PATTERN 


If we accept the viewpoint of preceding chapters that organismic 
pattern is a behavior pattern from the beginning, it is evident that 
the behavior of an organism in the narrower sense, as comprising 
fundamentally the excito-motor and closely related reactions, con- 
stitutes the most highly integrated, the most highly regulatory and 
in general the most highly reversible expressions of the pattern in 
relation to environmental factors. Some fifteen years ago Jennings 
(06) suggested that the laws of this behavior are the same as those 
governing the other aspects of life, and the present book is in large 
measure an attempt to show that the experimental investigation of 
recent years supports and confirms this conclusion.’ 


EXCITO-MOTOR BEHAVIOR AS THE HIGHEST DEGREE OF ORGANISMIC 
INTEGRATION 


All processes of equilibration or regulation are expressions of the 
integrative aspects of pattern, that is, of the correlative factors which 
make the organism physiologically a whole. But in excito-motor be- 
havior the integrative aspects appear more clearly than in any other 
activity of life. Nowhere is the wholeness of the organism so con- 
spicuous as in this field. The relative fixity or modifiability of such 
behavior must therefore depend in larger measure upon the fixity 
or modifiability of the integrative mechanisms of organismic pat- 
tern than upon any other feature of pattern. Moreover, the dy- 
namic integrative or correlative mechanisms are much more impor- 
tant in this behavior than the transportative mechanisms (see Chap. 
V). Of the dynamic mechanisms, those of excitation and transmis- 
sion are the most effective means of integration. 

Modification of excito-motor behavior must mean change of some 
sort, either temporary or permanent, in the integration pattern and 
particularly in the integration of excitation and transmission. Such 
change may be determined in various ways, not only by preceding 

1 See also Herrick’s discussion of modifiability of behavior from the neurolog- 
ical viewpoint; Herrick, ’24, Chaps. XIX, XX 
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excitation-transmission patterns, but also by change in the chemi- 
cal or transportative factors of correlation, e. g., in amount or char- 
acter of the internal secretion of the thyroid, the gonads, etc., by 
the complex changes associated with the satisfaction of hunger by 
food, or of thirst by water, by fatigue, bacterial intoxication and 
many other conditions. Even in such cases, however, the mechanisms 
of excitation and transmission are involved, for it is the effect of the 
chemical changes on these mechanisms which brings about the mod- 
ification of excito-motor behavior. Frequently also, the chemical 
change is the result of a preceding modification of the excitation-trans- 
mission pattern. For example, the sight or smell of food determines a 
modification of behavior, viz., feeding, and fatigue is the result of 
other preceding modifications, usually in large part excito-motor. 
With the progress of differentiation and the increase in complex- 
ity of the organism, both in individual development and in evolu- 
tion, the possibilities of physiological correlation increase and with 
such increase the possibilities of modification of correlative factors 
become greater, even though the general morphological and func- 
tional pattern of the organism is relatively very stable. Because 
of the physiological character and réle of excitation and trans- 
mission in organisms, the possibilities of modification are greater 
for these than for any other correlative factors and, the higher the 
development of the nervous system, the greater these possibilities. 
From these facts it is evident that at least certain features of organ- 
ismic behavior pattern may become more varied, more plastic and 
more modifiable, both in the course of individual development and 
of evolution, even though the general structural and functional pat- 
tern becomes at the same time more and more stable. 


MODIFIABILITY AND GENERAL ORGANISMIC PATTERN 


Students of behavior, particularly of animal behavior, have usu- 
ally drawn a more or less sharp distinction between fixed and modi- 
fiable forms or patterns of behavior in the individual organism. This 
distinction is useful but somewhat arbitrary, since all degrees of fix- 
ity and modifiability of behavior exist and these characteristics also 
depend upon various conditions. The fixed type is often said to be 
innate or inherited. This does not mean that the behavior pattern 
itself persists through reproduction, but merely that it represents a 
potentiality of the protoplasmic constitution which under normal 
conditions (see Chap. XIII) is always realized as a feature of the 
organismic pattern. All the modifications of behavior in the indi- 
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vidual are just as truly potentialities of the protoplasmic action sys- 
tem, 7. e., just as truly hereditary, as the fixed behavior patterns, 
but they are not realized in all individuals of the species. For the 
realization of a particular modification, the coincidence of a partic- 
ular physiological state and a particular complex of environmental 
factors is necessary, and the degree of specificity of the physiologi- 
cal state and of the environmental complex differs widely, both as 
regards different organisms and different reactions in the same or- 
ganism. In Ameba and Paramecium, for example, certain modifi- 
cations of behavior occur whenever an exciting factor acts for a cer- 
tain length of time. Similarly, in man certain modifications of 
behavior appear under almost any sufficiently intense or long con- 
tinued excitation. In Ameba and Paramecium, however, the modi- 
fications of behavior are very few and simple and general in char- 
acter, 7. e., essentially the same for a wide range of environmental 
complexes, while in man modifiability is practically unlimited. Some 
modifications of behavior in man are features of daily life, but others 
may be realized only once in a lifetime or only once in many gen- 
erations. 

In the preceding chapter it was noted that fixity and modifiabil- 
ity of the developmental and morphological aspects of organismic 
pattern depend upon their relation to the fundamental factors of 
the pattern. The more general, more primitive features of pattern, 
those which are more directly related to the primary gradients, are 
the more fixed and stable, while the details, the features of later or- 
igin, are more modifiable. If it is true that excito-motor behavior 
is merely the most conspicuous and highly integrated expression of 
organismic pattern and that the same laws hold for it as for the other 
features of this pattern, we must expect to find a similar relation be- 
tween fixity and modifiability of excito-motor mechanisms and com- 
ponents and the fundamental or primary factors of pattern. That 
is to say, the mechanisms of the more firmly fixed or stable behavior 
patterns must be more closely or directly associated with the pri- 
mary factors of organismic pattern, the physiological gradients, than 
the mechanisms of the more highly modifiable patterns. 

In one sense the mechanisms of excito-motor behavior might be 
said to comprise all the mechanisms of the body, but the special 
mechanism of such behavior is transmissive correlation. In the de- 
velopment and evolution of the organism, we see transmissive cor- 
relation first becoming more or less fixed as physiological gradients, 
then undergoing further structural fixation with the origin of the 
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nervous system. In the higher animals and man the individual ner- 
vous mechanisms, the neurons, the reflex ares, possess a high degree 
of fixity both morphologically and physiologically, and modifiability 
is a matter of the integration or linking up of particular mechanisms 
into a particular excitation-transmission pattern. The complexity 
of nervous structure, the specialization of excitatory and transmis- 
Sive processes, the significance of physiological condition of the sy- 
napse or of other parts of the neuron in determining the course of 
transmission, all make possible an increase in the modifiability of 
excito-motor patterns, with an increasing morphological fixity of 
the mechanisms concerned (Herrick, ’24, Chaps. XVIII, XIX). In 
fact the excito-motor patterns of the higher animals and man are 
physiologically less dependent upon the fundamental factors of or- 
ganismic pattern than any other feature of the individual. That 
this is true will appear more clearly in the following sections. 


MODIFIABILITY AND THE PRIMITIVE MECHANISMS OF 
EXCITATION AND TRANSMISSION 


The mechanisms of excitation and transmission, with which we are 
primarily concerned in the behavior of the organism as a whole, ap- 
pear in various forms. The simplest and most primitive is apparently 
the excitation-transmission gradient in protoplasm (see Chap. XI). 
This in its simplest form is temporary and evanescent: it may arise 
at any point in relation to local or differential excitation and may 
soon disappear and be replaced by another. In an organism with 
gradient patterns of this temporary and shifting character the gra- 
dients themselves, the fundamental factors of axiate pattern, are 
directly concerned in the modifications of behavior. 

In the case of Ameba, for example, motor behavior is a direct ex- 
pression of physiological gradients. Each pseudopod is for the time 
being such a gradient (Hyman, ’17) and in those cases in which the 
whole body is temporarily a single gradient, the Ameba is tempo- 
rarily an axiate animal (pp. 57-59). We do not hesitate to call 
these different patterns of Ameba behavior patterns, but the gra- 
dients of the pseudopods or of the whole body differ from the physio- 
logical axes of axiate animals only in their instability. The motor 
behavior pattern of Ameba is in fact a gradient pattern and all modi- 
fications of motor behavior, e. g., localization and development or 
reduction and disappearance of single pseudopods, as well as the in- 
itiation, change in direction, or cessation of directed locomotion of 
the whole animal represent modifications of the gradient pattern. 
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Actually Ameba constitutes a direct demonstration of the fundamen- 
tal identity of axiate pattern and behavior pattern. Axiate pattern 
in Ameba is a behavior pattern in the strict sense, arising in response 
to the differential action of external factors, and rapidly reversible. 
Conversely the behavior of Amzxba always involves the develop- 
ment, persistence or disappearance of axiate pattern, and the only 
modifications of behavior possible are made up of modifications in 
the localization, length, steepness and persistence of the gradients. 

The development of a persistent axial gradient, a physiological 
polarity and symmetry, even in the absence of a definite nervous 
system, determines a relation of dominance and subordination (Chaps. 
X, XII), and the organism behaves primarily as an axiate organism, 
although surface-interior pattern may still play a part even in axiate 
organisms, in determining behavior. As long as axial gradients per- 
sist they constitute a relatively stable basis for behavior and we find 
that the most firmly fixed elements or types of behavior pattern are 
very directly associated with such gradients. For example, the pre- 
cedence of the apical end or head in locomotion is a direct expression 
of an axial gradient. It has been determined experimentally that 
wher the apico-basal gradient is obliterated through differential 
susceptibility, e. g., in the sea urchin blastule (Child, ’16 d), or in hy- 
droid planulz (see pp. 83, 106), definite orientation of the body is no 
longer possible. Under such experimental conditions the fundamen- 
tal mechanism or pattern on which this highly stable feature of axiate 
behavior, viz., precedence of the apical end, depends, has been de- 
stroyed. Similarly, the integration or coordination of bilateral or 
radial organs is very closely associated with the axial gradients and 
disappears when they are obliterated. 

In axiate organisms modifications of behavior occur in general 
with reference to the axiate pattern, that is, they are modifications 
of axiate behavior. To take a few simple illustrations, local excita- 
tion of some part may affect the speed of definitely directed locomo- 
tion, e. g., in a creeping earthworm. Unequal excitation of the two 
sides of the body may partially or wholly obliterate for the moment 
the symmetry pattern and induce asymmetric behavior as in the case 
of a tropistic orientation according to Loeb (see pp. 230-231). Again, 
in the quiescent condition basal or posterior regions of the body may be 
for the time being more or less physiologically isolated and show a 
greater or less degree of independence, while excitation of the domi- 
nant region may bring them under control. Such relations appear in 
various flatworms and oligochetes (see pp. 153-156). 
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MODIFIABILITY IN RELATION TO DIFFERENTIATION OF THE 
NERVOUS SYSTEM 


With the development of the nervous system in animals the axiate 
character of the behavior pattern becomes in general still more stable. 
The very close physiological relations between the central nervous 
system and the axial gradients have been considered elsewhere (Child, 
21a). Reflex arcs arise with definite, functionally irreversible paths, 
all related in some definite way to the fundamental axiate pattern 
and there are many facts which indicate that a physiological gradient 
is the foundation on which each reflex are develops (Child, ’21 a, 
Chap. XIII). Evidently the actual development of a reflex arc is 
possible only when the gradient is to a certain degree fixed and stable. 
In fact, the single reflex arc, so far as such a thing exists, is to a high 
degree fixed and stereotyped in structure and function because it is 
an expression of the more general and more stable factors in organis- 
mic pattern and particularly in the pattern of the nervous system 
(Herrick, ’24, Chaps. VIII, IX, XVII). 

In the actual behavior of organisms, however, reflex arcs do not 
function singly and separately, but there is always some degree of 
integration, and it is in this integration of reflex arcs that the mod- 
ifiability chiefly appears. From the appearence of the nervous sys- 
tem on through evolution and development the modifiability of be- 
havior depends primarily upon the integration pattern in the nervous 
system and the changes of which it is capable. The structure of the 
neuron, its sensitiveness and delicacy of reaction during development 
to certain factors in its environment, perhaps electrical (Child, ’21 a, 
Chap. XI), the alterations in physiological state of the synapse and 
doubtless also of dendrites and other portions of the cell body, and 
perhaps of axons, provide a basis for almost infinite complexity, va- 
riety and modifiability of excito-motor behavior. 

Certain features of nervous function and structure are not only of 
fundamental importance for the modifiability of behavior in the 
higher animals and man, but are of very great interest, both from the 
physiological and the historical viewpoint. The invertebrate ner- 
vous system, even in its highest development in the insects, does not 
permit any very high degree of modifiability of behavior, and we 
must interpret the fixity of behavior in these forms as meaning that, 
even in their minuter details, nervous structure and functional corre- 
lation are determined with a high degree of fixity in individual devel- 
opment in relation to the general pattern of the species, 7. e., in the 
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final analysis the physiological gradients and their modifications in 
that particular protoplasm. (Herrick, ’24, Chap. XI). In the inver- 
tebrate the axiate pattern appears to be predominant throughout the 
nervous system and the behavior therefore consists of relatively rigid 
reflexes and reflex complexes. 

In the course of vertebrate evolution, however, a new factor in be- 
havior makes its appearance (Herrick, ’24, Chapters XVII-XXI). 
A portion of the central nervous system becomes, so to speak, eman- 
cipated, or physiologically isolated to a greater or less degree, from 
the relatively rigid determining action of the general axial gradients 
in the body. This portion is, or becomes the cerebral cortex. In the 
arrangement of its neurons the cortex shows predominantly a surface- 
interior pattern with only slight and very general axiate features. 
The consequence of this pattern is that structural and functional re- 
lations are physiologically determined to a large extent by local 
factors which vary from moment to moment. Histological investi- 
gation has shown that the morphological connections of one region of 
the cortex with others are exceedingly complex and not the more or 
less uniformly directed connections characteristic of axiate pattern. 

The cortex seems, in fact, to be to some extent what we may call 
a superaxiate region. It arises from the higher levels of the chief 
body gradient, i. e., broadly speaking, from the dominant region of 
the individual, and as it is superaxiate in position and structure, 
so it is superdominant in function. Judging from behavior, the re- 
lations of dominance and subordination within the cortex are not 
definite and fixed, but shift from moment to moment, according to 
the impulses coming in and the physiological state of the various cells. 

According to this view, the cortex really represents a new form or 
phase of organismic integration. The gradient pattern is funda- 
mentally an autocratic pattern. The dominant region controls other 
regions but is relatively independent of them. In the higher ver- 
tebrates, however, the development of excitation and transmission in 
the nervous system have made it possible for the lower levels of a 
gradient to affect the dominant region and the origin and develop- 
ment of the cortex are undoubtedly associated in some way with this 
situation. The cortex functions as a deliberative assembly, a parlia- 
ment in a representative form of goverment. That is to say, the effer- 
ent impulses finally emerging from it are determined, not simply by its 
immediate relations to environment, as in the dominant region of 
a physiological gradient, but rather by the sum total of afferent 
impulses reaching it from lower centers and through these from all 
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parts of the body, and by its own physiological state as determined 
by past activities and their records in the cells as functional alter- 
ation, memory, etc. (cf. Herrick, ’24 at the end of Chap. XVII). 

We may say then that in the higher vertebrates the gradient pat- 
tern of organization is undergoing modification from the autocratic 
form of dominance or control characteristic of the simple gradient to- 
ward the democratic form with representative government, with all 
its plasticity, modifiability and uncertainty of result in any particular 
case (see Chap. XVII). In this development of the cortex as a super- 
axiate pattern with an inconceivable number of individual neuron 
axes, but only slightly developed general axiation, lies the physio- 
logical and morphological foundation of the modifiability of excito- 
motor behavior in the higher vertebrates and man. The physiologi- 
cal problem of the origin of the cortex has been touched upon 
elsewhere (Child, ’21 a, pp. 261-7), and since at present nothing more 
than speculation along these lines is possible, no further discussion is 
necessary here. 


MODIFIABILITY IN RELATION TO PHYSIOLOGICAL STATE 


Thus far we have been concerned chiefly with the mechanisms and 
components of behavior of excito-motor character, rather than with 
the integrated behavior of the organism as a whole. Any particular 
type of reaction of an organism to an external factor involves the 
integration of various mechanisms, and the character of the reaction as 
a whole depends on the integration pattern in each particular case. 
The question is, then, to what extent and how is the integration pat- 
tern of the various forms or types of behavior modifiable? That this 
pattern is modifiable through differences in the direct action of ex- 
ternal factors is demonstrated by universal everyday experience. 
The excito-motor pattern determined by the sight of food in a hungry 
dog is different from that determined by the sight of his master or of 
a stranger. The behaviorist usually takes such modifiability for 
granted and concerns himself more particularly with modifiability of 
the behavior pattern through internal changes without change in the 
external factor. 

When, for example, an individual organism changes its reaction 
to an external factor acting continuously without change, or when the 
separate reactions to interrupted or repeated identical actions of an 
external factor differ, or finally, when different individuals of the 
same species behave differently with respect to the same external 
factor, we say that the behavior is modifiable. Such modifiability 
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evidently depends primarily upon changes in what Jennings has called 
the physiological state of the organism. The occurrence of modifica- 
tion of behavior in this way in man and the higher animals has long 
been a familiar fact, and the studies of Jennings and others have made 
it clear that in the simpler forms, even in the protozoa, some degree 
of such modifiability exists.1 At present, however, we are primarily 
concerned, not with a general discussion, but rather with the question 
of the relation of this sort of modifiability and of physiological state 
on which it depends, to organismic pattern in general. 

Physiological state— Physiological state represents the sum total 
of the physiological factors which determine the excito-motor inte- 
gration pattern at any particular moment. As Jennings has pointed 
out, many factors may be concerned in determining physiological 
state. Among such factors, for example, the persistent effects of 
previous reactions, such as altered- irritability, morphological altera- 
tion in pattern, memory, etc., the effect of different excitations occur- 
ring simultaneously, metabolic condition as determined by nutrition, 
respiratory, endocrine and other factors, physiological age and other 
periodicities, in short all factors, external or internal, which affect 
the organism. 

In the simpler organisms the range of changes in physiological 
state is relatively narrow, because the instability, 7. e., the high degree 
of reversibility of the protoplasmic substratum permits only a rela- 
tively slight chemical and morphological differentiation representing 
the more general and constant factors in developmental behavior. 
Both transportative and dynamic correlation must remain simple 
in such organisms, and the transitory excito-motor reactions leave 
little or no persistent effect or record upon the protoplasm, or one 
which is soon obliterated by the reversal of the changes determining 
it. Memory in such organisms is, in short, a generalized protoplasmic 
function and but slightly developed. The excito-motor behavior of 
these organisms must of necessity be relatively simple and stereotyped 
in character, though, as will appear below, a certain degree of modifi- 
ability of behavior in relation to physiological state is possible, even 
in such forms. 

As chemical and structural differentiation become more stable 
and general organismic pattern therefore becomes more complex, the 
possibilities of modification of physiological state increase. Partic- 
ularly with respect to the nervous system is this the case. The mor- 


1See for example Jennings, ’06, particularly Chaps. X-XII, XVI-XVIII, 
and numerous references there given; also later works on animal behavior. 
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phological pattern of the nervous system, from the general anatomi- 
cal features down to the hypothetical structural substratum of 
memory, constitutes the most stable and least reversible structure 
in the body. At the same time, the large number of neurons, the 
branching of dentrite and axon, making possible great complexity of 
relation between neurons, the relations of nervous organs to environ- 
ment and to other organs, the complexity of the processes of excita- 
tion and transmission, their sensitiveness to mechanical, thermal, 
chemical and electrical factors, all these, as well as chemical correla- 
tive factors, hormones, products of metabolism of the organism, of 
bacteria, etc., play parts in determining that physiological state in the 
nervous system is more labile than in any other organ. For similar 
reasons physiological state in the cerebral cortex is more labile than 
in any other part of the nervous system. 

Summing up, we may say that physiological state at any given mo- 
ment represents the process or stage of regulation or equilibration or 
“adjustment of internal relations to external relations” which is occur- 
ring at that particular moment. It is, in fact, nothing else than life ina 
particular individual at a particular time. If this is true, excito- 
motor behavior, as the most highly integrated expression of organismic 
pattern, is the most adequate and complete expression of the process 
of living in a protoplasm. As regards this point, this general physio- 
logical conception leads us to the same conclusions as our observations 
of, and relations with our fellow-men and animals. 

Trial and error behavior. — Modifiability of physiological state 
is an essential factor in trial and error behavior. It is the modification 
of physiological state that determines the successive changes in reac- 
tion from which selection is made. According to Jennings, the changes 
in physiological state result from the continuance of the disturbance 
and must go on until some reaction determined by them brings relief, 
or until the disturbing factor ceases to act. The trial form of behavior 
occurs when the pattern of the organism does not include any be- 
havior mechanism which gives directly an effective reaction in the 
special case in question. As expressions of modifications of physio- 
logical state the successive changes in reaction really represent changes 
in the integration pattern and the successful trial constitutes the 
effective integration. It is often possible to observe the progressive 
development of the new integration. In the anaxiate Ameba, for 
example, the reaction to an external factor may consist first in the 
formation of several pseudopodia, often in various directions, but 
with continuation of the external action the animal may develop 


MODIFIABILITY OF EXCITO-MOTOR BEHAVIOR 261 


temporarily a more or less clearly marked axiate pattern which has a 
definite relation to the external factor (Figs. 12-15); see also Jennings 
04, 06, Chap. I). This relation is such that the Ameba Bala 
moves more or less directly away from — or toward — the source of 
disturbance. In such cases the change in physiological state is chiefly 
or wholly the progressive integration toward an axiate pattern which 
is more or less definitely referable to the localization or direction of 
action of the external factor. 

In axiate forms the axiate pattern is of course already present, 
but adjustment to the special case may be necessary. In the case of 
Paramecium the axiate pattern does not enable the animal to orient 
itself directly and at once with reference to the external factor act- 





Fic. 146.—The avoiding reaction of Paramecium (from Jennings, ’99). 


ing upon it (Jennings, ’06, Chaps. II-VI). It can only repeat the 
characteristic avoiding reaction, consisting of backward movement, 
for a short time, followed by forward movement at an angle to the 
original direction (Fig. 146), until an adjustment of the pattern to 
the particular case occurs, 7. é., the reacticn is effective, or until fatigue, 
death, cessation of the exciting action or some other change terminates 
the reaction. 

Certain observations indicate, however, that even in Paramecium 
a modification of the avoiding reaction through change in physio- 
logical state by repetition may occur under certain conditions, 7. @., 
Paramecium may learn by experience (Stevenson Smith, ’08; Day 
and Bentley, ’11). According to these authors a Paramecium con- 
fined in a capillary tube so narrow that the characteristic spiral course 
cannot be followed in swimming, advances in the tube with a rota- 
tional movement about the long axis and when the end of the tube 
is reached, reverses the direction of this movement several times. 
Thus far the behavior is of the usual sort, altered only by the limited 
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diameter of the tube. But it is not effective in bringing about ad- 
justment and sooner or later the animal turns itself about in the tube 
by a new sort of reaction, consisting of a bending of the oral end, 
followed by sudden jerking movements (Fig. 147). Since this sort of 
reaction is unknown in unconfined locomotion, it is evident that the 

physiological state and so the re- 


tej action pattern have been modified 


Fie. 147.—Modification of behavior by experience. , 
of Paramecium in capillary tube (from The flatworm, Planaria doroto- 


paren r or Sith iOS). cephala, in reacting to a chemical 
factor, e. g., extractives diffusing from food, usually lifts its head and 
moves it from side to side before orientation of the direction of loco- 
motion with reference to the diffusion gradient occurs. And even 
when it has begun to advance, it may alter direction more than once 
before the reaction becomes effective, that is, before the adjustment, 
the orientation, is accomplished. In trial reactions in the higher ani- 
mals and man the progressive integration with reference to the partic- 
ular case is often very clearly seen. The reaction of the decapitated 
frog to a drop of acid placed on one thigh, when the other leg is held, 
is a trial reaction experimentally induced. That is, the effective 
mechanism is not absent but is prevented from acting and with its 
failure the behavior becomes essentially a matter of trial with a 
progressive integration of the reflex ares of the body with special 
reference to the local excitation. Evidently the excitation, at first 
local in the nervous system, spreads, involving one region after another 
until the whole body is more or less integrated, whether effectively 
or not. In trial behavior in man the progressive development of the 
new integration appears even more clearly. In attempts to learn a 
new complex coérdination, e. g., riding a bicycle, skating, the first 
failures lead to greater efforts, the use of other muscles, changes in 
posture, etc., and gradually the new behavior pattern develops out 
of the complex. 

As Jennings has shown, such new integration patterns may often 
persist for a time even in unicellular animals, but usually disappear 
rapidJy in these and in the simpler multicellular animals. The ““phys- 
iological memory” of these organisms is rudimentary, the axial and 
symmetry gradients being the chief records and even these are not 
very stable. Apparently the possibilities of development of persistent 
records in the protoplasm reach or approach their limits with the 
differentiation in relation to these gradients, and the effects of new 
differentials and integrations are either rapidly reversible, or, if the 
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action of the external factor is sufficient in degree or duration, they 
may obliterate the old gradients and determine new ones. In such 
forms the ability to learn, to acquire habits, goes but little beyond the 
most general habit of all, 7. e., the axial gradient, and more or less 
differentiation in relation to it. 

With the increase in stability of protoplasmic records of behavior 
which is an essential feature of evolution, the possibility of persist- 
ence of the new effective integration in a trial reaction increases, 
7. e., the ability to learn and acquire new habits increases. The 
gradual recording in the protoplasm of the new integration corre- 
sponds to Jennings’ law of resolution of physiological states: The 
resolution of one physiological state into another becomes easier and 
more rapid after it has taken place a number of times (Jennings, 
’06, p. 291). The simpler organisms are what they are because the 
protoplasmic records of behavior reactions and integrations are to a 
large extent readily reversible and the more persistent features of 
such records are of very general character and, so far as organismic 
integration is concerned, rudimentary. In such forms excito-motor 
behavior must consist primarily of few and simple stereotyped com- 
ponents and the trial form of reaction must be predominant, with 
rudimentary and short-lived memory. Modifiability of pattern, 
whether morphological or excito-motor, by the persistence of proto- 
plasmic records, 7. e., by learning, must therefore also be slight and 
rudimentary. 

Tropisms. — The tropism in Loeb’s sense (pp. 230-231) postu- 
lates the presence of an effective integration pattern, a pattern which 
gives the effective reaction directly. According to Jennings’ con- 
ception of a tropism (Jennings, ’06, Chap. XIV, ’08, ’09, 710), such a 
pattern is not necessarily predetermined or inherited, but may have 
developed in the individual as the result of successful trial behavior 
and the tropism may represent the working of the new integration 
thus developed. Undoubtedly some reaction patterns which ap- 
proach more or less closely the form of a tropism are characteristic 
features of the normal organismic pattern of the species and defi- 
nitely related to the axial gradients, and are therefore what we com- 
monly distinguish as inherited from the patterns acquired by the 
individual during its life. Other patterns of this sort are doubtless 
developed in the individual on a trial foundation. The important 
point for present purposes is that the tropism requires the existence 
of a behavior mechanism or pattern already adjusted to the partic- 
ular case. The orientation of the body of a swimming crustacean 
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or a flying insect with reference to light requires a complex polar- 
bilateral reflex, or excito-motor mechanism of some sort. Grant- 
ing this, we must conclude that tropisms are not the most general 
and primitive form of excito-motor behavior, or else we must fol- 
low Loeb in assuming that such a mechanism exists in all motile 
organisms, but the evidence is strongly against such an assumption. 
The tropism in motile organisms obviously postulates a relatively 
high degree of organismic integration and the evidence does not in- 
dicate that such a degree of integration exists in the simpler organ- 
isms. 

From its very definite and direct relations to polar-symmetrical 
pattern in general we should expect the tropism to be a relatively 
stable or fixed excito-motor pattern, particularly in those cases in 
which it is a normal characteristic of the species and not acquired 
by the individual. So far as such tropisms actually exist, their stab- 
ility is evident. Modification in minor respects, e. g., in latent period, 
speed of reaction, ete., may result from alterations in physiological 
state, but the tropism as a whole remains a relatively fixed pat- 
tern. The reversal of direction of a tropic reaction does not repre- 
sent a modification in the sense of a new integration, but may result 
from the change of excitation to inhibition, or vice versa, with quan- 
titative change in the external factor, or in the critical point between 
excitation and inhibition in the physiological mechanism. The tro- 
pism as Loeb conceives it, affords no room for memory or learning. 
The mechanism must be stable, essentially unalterable in the indi- 
vidual and polar-symmetrical in character. If pure tropisms in 
this strict sense exist, they must obviously be very direct expres- 
sions of the fundamental features of organismic pattern, the physio- 
logical gradients, and are modifiable in any fundamental way only 
as these are so modifiable. 

Instinctive behavior. — The instinctive forms of excito-motor be- 
havior likewise represent highly stable, in common biological par- 
lance, hereditary patterns (Herrick, ’24, Chap. XI). These behavior 
patterns are among those determined in the individual by the hered- 
itary protoplasmic constitution and the normal or standard range 
of environmental factors (pp. 211, 222). They represent complex 
integrations of significance in the life of the individual and so ap- 
parently adaptive. In general, however, this instinctive pattern 
remains merely a potentiality in the behavior of the individual until 
a particular physiological state arises, either by the attainment of 
a certain stage of development or by a particular configuration of 
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environmental factors, and determines its realization as an actual 
reaction pattern. In most, if not in all cases, the environmental 
configuration plays some part in initiating the actual integration 
of the instinct pattern into a reaction. The sensory impression 
aroused in the well-fed squirrel by the nut apparently sets going the 
storage instinct and it may be that other factors effective at a cer- 
tain season of the year start an instinctive search for nuts. The 
sight, sound or odor of the opposite sex initiates the integration of 
the sex instinct pattern and so on. In short, the component mech- 
anisms of instinctive behavior are normal features of organismic 
pattern, but there is no reason to believe that their integration into 
a particular excito-motor behavior pattern occurs autonomously 
or spontaneously. Apparently, like other behavior patterns, it re- 
quires for realization the action of an environmental factor—in the 
case of instinct usually a more or less specific complex. As in the 
case of other features of organismic pattern, even the primary axial 
gradients or a plasma membrane, the potentiality of the pattern 
is given in the hereditary constitution of the protoplasm, but the 
action of some external factor or complex is necessary for its realiza- 
tion as an actual pattern in an individual organism. 

Intelligent behavior. — The instinct, as a relatively stable pat- 
tern, is unquestionably represented by a more or less definite, rel- 
atively stable structural basis of some sort in the nervous system, 
but the integration of this pattern is to some extent modifiable, 
chiefly through conscious intelligence. The degree of modifiability 
of instinct varies in general with the development and dominance 
of intelligent behavior in the individual. In the insects excito-motor 
behavior is, so far as we can judge, very largely instinctive and based 
on the mechanisms of a polar-bilateral nervous system. Since the 
polar-bilateral pattern 13 highly stable in these forms, even those 
minuter details of it which represent the mechanisms of instinct are 
relatively fixed. In the higher vertebrates, on the other hand, the 
development of the cerebral cortex represents a considerable degree 
of physiological isolation from, or obliteration of, the general axial 
gradients in a part of the nervous system (pp. 257-258). In con- 
sequence of this unique position of the cortex, it constitutes a mech- 
anism for highly plastic and modifiable excito-motor behavior pat- 
terns. The absence of a fixed dominance in any one region provides 
a basis for patterns of the deliberative, intelligent type. And fi- 
nally, the development of the cortex from the anterior region of the 
nervous system makes it a region of superdominance. Even many 
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of the more stable features of the polar-symmetrical excito-motor 
patterns of the lower levels of the gradients, e. g., the reflex and in- 
stinctive complexes, may undergo more or less modification under 
the superdominance of intelligence, of which the physiological pat- 
tern exists primarily in the cortex.! 


1 Compare Herrick’s discussion of the physiological characteristics of the cere- 
bral cortex (’24, at the close of Chap. XVII). 


CHAPTER XVI 


THE BIOLOGICAL FOUNDATIONS OF SOCIAL 
INTEGRATION 


In the preceding chapters I have tried to show that the individual 
organism represents fundamentally a behavior pattern, 7. e., the 
behavior of a specific protoplasm in a certain environment. The 
development of the individual from the stage of the simple quanti- 
tative gradient to the mature organism, of whatever species, repre- 
sents the modification of behavior resulting from establishment of 
the primary pattern and the changes which this brings about in the 
protoplasm. This conception of the organism as fundamentally a 
dynamic integration of behavior pattern in a specific protoplasm 
seems to throw light upon various fields of biology, which from other 
viewpoints have remained more or less obscure. Probably no one 
doubts that social integrations, patterns, institutions are fundamen- 
tally integrations of the behavior of living organisms in certain en- 
vironments. If both the individual organism and human society 
represent behavior integrations of living systems, a comparison be- 
tween them from this viewpoint should prove of interest. 

Sociology and its problems are very often outlined in terms of 
human beings solely, but as a matter of fact various social patterns 
are found among various organisms in various degrees of develop- 
ment, from rudimentary and evanescent integration to highly stable 
and complex organizations. The fact that these integrations are 
based wholly or largely on instinctive, rather than on intelligent be- 
havior does not make them any the less social in character, at least 
to the biologist. Social integration in man could not have been prim- 
itively an intelligent, fully self-conscious integration, but was un- 
questionably, in large measure, instinctive. Indeed it is a pertinent 
question whether many of the more primitive and evanescent types 
of social integration among human beings at the present day, e. g., 
crowds, mobs, boys’ gangs, etc., are not to a considerable extent in- 
stinctive rather than intelligent. If instinctive behavior does play 
any considerable part in them, they appear to be very similar or 
essentially identical with many social integrations among animals. 
It appears to the biologist that the attempts so often made by sociol- 
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ogists to define and consider social problems in terms of man alone 
are responsible for at least certain features of the vagueness, uncer- 
tainty and difference of opinion, particularly as regards social ori- 
gins. The delimitation of the subject to the human species makes 
any adequate interpretation of social origins practically impossible. 
If man is a product of evolution, the foundations of human society 
lie, not in the human race, but in other organisms. It is certain that 
human society represents the highest order or plane of integration 
upon our planet. If man is a part of organic nature it appears a dif- 
ficult and uncertain task to attempt to interpret this highest order 
of integration without attempting to determine the relations between 
it and the lower and simpler orders of integration on which it must 
be in part based. 


BIOLOGICAL SOCIOLOGY AND SOCIOLOGICAL BIOLOGY 


Some sociologists, e. g., Comte, Spencer, Schiffle, have interpreted 
human society more or less in terms of biological conceptions. Spen- 
cer emphasizes the morphological aspects, the mechanisms, of society, 
while Schaffle is interested not merely in the structure but in the func- 
tion of the mechanisms. Both authors carry the biological analogy 
into minute detail. Of course the question whether or not we shall 
call human society an organism must depend on our definition of an 
organism. The objections made by various sociologists to biological 
forms of interpretation in sociology are of some interest, and some of 
them suggest that some sociologists have not considered what organ- 
isms are. For example, the objection to the biological analogy has 
been based on the ground that there is no protoplasmic or physical 
continuity between human individuals. It may be pointed out that 
the blood cells, though parts, or organs of the organisms, are not con- 
tinuous and that in the simpler forms cells may lose their continuity 
with other cells, migrate and establish continuity with a new group. 
On the other hand, many sociologists maintain that the tool in use 
becomes essentially an organ, or that in working with different tools 
the hand plus the tool become essentially different organs. If we 
grant this, human society consists not simply of human bodies, but 
of these bodies plus environmental factors, whether natural or in 
the form of man-made tools which permit communication. Are not 
two human beings conversing over the telephone or even by means of 
atmospheric sound waves brought into a dynamic correlation very 
similar to the dynamic correlation in the organism? 

Again, it has been pointed out repeatedly that human society has 
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no permanent organs, but essentially the same thing is true of many 
of the simpler organisms. In this connection it may also be pointed 
out that the tools, the fabrications, are the permanent organs of so- 
ciety. The human individual may be regarded as the dynamic, the 
metabolic factor in the pattern. 

The objection has also been raised that the basis of human associa- 
tion is psychic, but unless our definition of the word is very narrow, 
the psychic factor exists in many forms of animal association as well 
as in human society. Certainly not all human association is intelli- 
gent and self-conscious in character, while many integrations among 
animals are more or less psychic, perhaps conscious in character. 

Objections such as those that human society is not a big animal, 
that it has for example no stomach, no muscles, etc., are just as true 
for many organisms as for society. It has been said that the social 
mind has no sensorium. But do not the individuals in relation to 
each other and to environment constitute the sensorium of the social 
mind just as truly as cells and cell groups in relation to each other 
and to the external world constitute the sensorium of the individual 
mind? 

And finally many sociologists who admit that the biological analogy 
may have a certain value are inclined to regard it as a crude and 
merely preliminary form of interpretation. Undoubtedly human be- 
havior and its integration patterns differ in many respects from any- 
thing recognizable in other organisms, but the foundations of human 
behavior include all of biology, not simply the social behavior of an- 
imals, but the behavior of individuals and its mechanisms, and even 
the behavior of living protoplasm which constitutes the organism. 
How can we hope to analyze and interpret adequately the more ad- 
vanced forms of integration in human society without knowledge of 
the foundations on which they rest? 

It is perhaps not of great importance whether or not we call human 
society an organism but it is a highly significant fact that biological 
terms apply better than any others. Even though we decline to 
speak of the social organism we find it very difficult to dispense with 
the term organization, simply because the term expresses better than 
any other certain processes and phenomena in society as well as in 
the organism. The term “ differentiation” is also used in the biolog- 
ical sense in sociology, likewise the term “ function,” and soon. The 
fact that these terms are universally recognized as practically indis- 
pensable must mean that the social process is in certain respects, at 
least, very similar to the organismic process. 
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The biologist, likewise, has found that certain sociological terms 
afford more satisfactory analogies for purposes of interpretation than 
any others. For example, the conception of the multicellular organ- 
ism as a cell state, with division of labor among its constitutent cells 
is familiar to every student of elementary biology, and it would be 
difficult to express certain aspects of the pattern of organisms so 
clearly in any other terms. In preceding chapters (pp. 146, 258) I 
have called the more primitive axiate type of pattern an autocratic 
form of government and have pointed out that evolution has pro- 
gressed toward democracy and representative government. Various 
neurologists and psychologists have found the conception of a par- 
liament or deliberative assembly of very great value in interpreting 
the rdle of the cerebral cortex. 

But there seems to be no good reason for stopping here. The so- 
ciologist is accustomed to call the relatively fixed and permanent so- 
cial patterns institutions. Are there not patterns or orders within 
the organism fundamentally similar to social institutions in that they 
represent integrations of living units? Is not the organism itself an 
institution of some sort in the living protoplasm of one or more cells? 
If the physiological conception of axiate pattern developed in earlier 
chapters and elsewhere (Child, ’15c, ’21a) is correct the axiate organ- 
ism is an institution resembling the state. It represents fundamen- 
tally a relation of dominance and subordination, 7. e., of government 
and governed. 

In short, whether we are primarily concerned with the organism 
or with human society, we cannot help but see the fundamental sim- 
ilarities in the processes of integration in the two patterns, and even 
though sociologists may continue to insist that sociology remain dis- 
tinct from biology, the development in biology of the dynamic, in 
place of the older morphological viewpoint, will make this more and 
more difficult. In fact the definition of the organism to which the 
strictly physiological viewpoint of the preceding chapters leads us 
will serve almost equally well as a definition of society. The organism 
is a dynamic order, pattern, or integration among living systems or 
units. A social organization is exactly the same thing. The funda- 
mental difference between the organism and social integrations among 
human beings is apparently one of degree or order of magnitude. So- 
cial integration is a dynamic integration of human organisms, and 
the human organism is an integration of cells, tissues and organs. 
Unquestionably these differences in the order of magnitude of the in- 
tegration determine differences in detail in the processes concerned, 
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but both cell and human being are living systems, and we believe 
that the human being is a product of evolution from the cell. We may 
expect therefore, to discover a fundamental similarity or identity in 
the more general laws and processes of integration from the one ex- 
treme of the cells or the simplest organism to the other of the great 
modern state or nation. The overlapping of biology and sociology 
and their use of each other’s terminology indicate that this is the case, 
but from the dynamic viewpoint this fundamental similarity appears 
even more clearly than from any other. The morphological analogy 
between organism and society is at best very general and may 
readily be overworked. As the morphological mechanisms of the 
human body are different from those of a bacterium or an Amoeba, 
so the morphological mechanisms of human society differ from 
those of the human body. But when we come to the problem 
of the nature of the integration process which makes the micro- 
érganism and the human being organisms and human society a 
“superorganismic”’ pattern, we find certain highly significant simi- 
larities. To some of these attention is briefly called in following 
sections. 


INTEGRATION AMONG ORGANISMS IN GENERAL 


Among animals and even among plants we find not only various 
degrees of organismic integration, from the simple cell to the multi- 
axiate or “colonial” plant and animal, but we also find certain super- 
organismic integrations. Some are unquestionably social, while 
others are near the border line between social relation and relation to 
environment in general. Biologically speaking, social integration 
represents for the individual a reaction to a particular factor in his 
environment, viz., another individual or group of individuals. We 
must search, therefore, for the foundations of social integration in the 
relations of the individual to his environment and more particularly 
his living environment. 

The most general relations of this sort are the ecological relations 
between different species. Ecological communities represent integra- 
tions of various species of animals and plants based on the relations 
of each species to its environment, including both inorganic factors 
and the other species of the community. As regards the living envi- 
ronment, these relations are of various sorts. The one species or 
some of its products of metabolism or its body may be merely a 
source of food in the environment of the other. Even this relation 
may differ widely in character. The relation between the herbivorous 
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animal and its food, for example, is passive and accidental on the side 
of the plant, but a definite feature of excito-motor behavior on the 
part of the animal. The relation of the parasite and its host is like- 
wise usually based on a onesided reaction. The relation between the 
predatory animal and its prey, however, may involve reaction on 
both sides. The various forms of symbiosis, mutualism, inquilinism, 
“guest” relations, range from cases like the symbiosis of hydra and 
other simple animals with green algae in which both species are ap- 
parently passive and the relation a matter of chance, to cases among 
insect species in which each shows definite behavior with respect to 
the other. This is particularly the case as regards the ants and some 
of their “guests.” Certain species of ants raid the nests of other 
species, capture and carry home the larve or pups, which are 
brought up to be “slaves.’’ In some relations of this sort the one 
species is wholly dependent on the other for continued existence. 
For example, the eggs of certain species of plant lice from which ants 
obtain nutritive secretions during the summer are carried by the 
ants to their nests, cared for during the winter and in the spring the 
young aphids are carried to their food plants. Certain species of ant 
aphids are carried out to pasture in good weather and back to the 
ants’ nests in bad weather, cold nights, etc. Also the ants move them 
from one pasture to another. The species of plant lice in which these 
mutualistic relations with ants occur react differently to the ants 
from other independent species, and their behavior shows adaptation 
in various ways to the ants. Students of ants have described many 
other mutualistic relations between ants and other insects (see, for 
example, Wheeler, 10, Chap. XIX, also ’23.) 

Discussion of the question whether any of these relations between 
species, or which of them are to be called social is unprofitable. It 
may merely be noted that at least some of them exhibit features which 
play a part in true social integrations. The more general ecological 
relations between different species of living organisms are largely 
or wholly material in character and as such they constitute the mate- 
rial basis of a relation of exchange, a commercial relation, but unregu- 
lated by communication between individuals. In the more intimate 
relations between species, e. g., some of those between ants and aphids, 
communication, excito-motor reaction, and often complex instinctive 
behavior of one or both species may occur. 

It is perhaps justifiable to characterize as fundamentally non- 
social the general ecological relations existing between different 
species and having to do with material factors such as food, oxygen, 
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or other factors concerned in vegetative life. Social relations are 
then theoretically distinguishable from such ecological relations in 
that they are fundamentally relations between members of the same 
species and involve communication of some sort. But it is probably 
impossible to make this distinction sharp, for in certain cases the 
ecological relations obviously approach a social character. 

Certain sorts of integration may occur more or less indifferently be- 
tween individuals of different but closely related species, and between 
members of the same species. For example, Allee (’20) has described 
aggregations among ophiurid starfish and among isopod crustacea 
which may include one or more species. The animals concerned tend 
to keep their bodies in contact with solid surfaces (positive thigmo- 
taxis) and when such surfaces are reduced to a minimum in their 
environment they react positively to each other and form masses or 
bunches of individuals. Dr. Allee informs me that while such aggre- 
gations may consist of members of more than one species they form 
more readily and to a greater extent between individuals of the same 
species. This being the case, the aggregating individuals must be 
able to distinguish in some way and to some degree between other 
individuals of the same and those of other species. Apparently even 
in these physical aggregations of individuals there is a factor remotely 
akin to the social factor. 

In many other relations between individuals of the same species 
the social character of the integration appears more clearly. Many 
animal species aggregate into herds, flocks, packs, schools, ete. The 
simplest forms of aggregation are temporary and shifting, consisting 
of individuals which happen to be near enough together to react tc 
each other. Concerning many such aggregations we can say little 
more than that they originate in a gregarious instinct, but this is no 
more than saying that they exist because members of the species be- 
have in a certain way. Aggregations of this kind may become more 
definite and distinct under certain special conditions, ¢. 9., the inte- 
gration of the herd of cattle through fear, the flocking of various 
species of birds and of insects, at the migratory season. Again, such 
aggregations may be based on the brood, the family, or they may have 
some sexual significance. The flying or “dancing” groups of various 
species of the gnats and midges which appear in spring and early 
summer apparently represent a rudimentary and temporary grouping, 
but one apparently involving some sort of reaction of the individuals 
to each other. For the formation of such groups a certain atmospheric 
humidity and absence of wind are obviously necessary. Such a 
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group may divide or join with others, and individual insects may enter 
it or leave it. We can distinguish no indications of leadership and in 
some forms the group can be temporarily or permanently disinte- 
grated by a sound of certain pitch and intensity. But the fact that 
such groups are at least often, perhaps always, composed of males 
only is evidence of their relation in some way to sex. 

We also find animal groups with definite leadership; either tempor- 
ary and shifting or more or less permanent. The migrating flocks of 
wild geese are led by a gander and assume a more or less definite 
arrangement of individuals in two lines diverging from the position 
of the leader. A more or less definite and fixed relation of leadership 
and led is commonly believed to exist in the wolf pack and in the 
aggregations of various other mammalian species. Such groups ap- 
pear to be truly social. The behavior of the individuals is regulated 
to some extent by their relation to the group and this relation is 
dynamic, not material, 7. e., it rests on communication of some 
sort, not necessarily volitional, but none the less real. Some such 
groups seem to show something approaching consciousness of the 
group, however rudimentary. In groups of various birds and mam- 
mals certain individuals function as sentinels while the others feed. 

The family in one form or another is of wide occurrence among 
animals and the fundamental factor underlying the origin of the fam- 
ily, viz., sex, is a general biological phenomenon. The parental in- 
stinct appears in one form or another, and as a temporary and evan- 
escent, or periodic phenomenon far down among the invertebrates, 
and the true family appears, at least as a temporary or periodic 
integration even in certain fishes and in many species among the higher 
vertebrates. Often the relations of the male to the family are little 
or nothing more than the primary sexual relation, but there are va- 
rious species among both birds and mammals in which it is much more 
than this, and in some animals the male is permanently a member of 
the family. 

The social integration among ants, bees, wasps and termites appears 
to represent in large measure modifications of the family. The 
various castes represent different degrees of development and differ- 
entiation of the sexes, in bees, wasps and ants primarily of the females, 
in termites of both sexes. In the differentiation of the castes heredity, 
the occurrence or non-occurrence of fertilization, at least in the bees, 
nutritive conditions during development and perhaps other factors 
are concerned. The bee and ant communities are social systems 
centered about the queen mother, matriarchal systems, with various 
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complications associated with the differentiation of castes. With the 
development of the different castes within one sex, or as in the termites, 
in both sexes, the division of labor has gone further than the primary 
sexual division and so the community has come to resemble in certain 
respects a state rather than a family, but its relation to the family 
seems evident. 

Wheeler (18) has suggested the possibility of a very different 
origin of social life in the insects, viz., the exchange of nutritive 
substances, including secretions and excretions, between individuals, 
a relation which he calls trophallaxis. Unquestionably such exchange 
plays a part of great importance in many insect communities, but 
the interpretation of the relation of the community to sex, to the queen 
mother and to the offspring in terms of trophallaxis appears to offer 
some difficulties. 

Within the communities of different species of ants and other 
social insects various institutions of more or less definite social char- 
acter exist in addition to the nutritive exchange. Among the ants 
for example, we find agriculture, slavery, social care of the young, 
war, to mention only a few. As a predominantly instinctive, rather 
than an intelligent integration, the insect community is relatively 
rigid, but it involves dynamic communication, direct or indirect, 
between individuals and recognition of, and distinction between, 
individuals of different sex, caste, stage of development, nest, species, 
etc. Moreover, the fixity of the integrative behavior is by no means 
absolute, but modification does occur through learning. In the or- 
dinary life of most social insects there is little indication of anything 
approaching real leadership, though some vestiges of it do perhaps 
appear at times. In general the integration of behavior appears to 
be largely the result of the uniformity of instinctive response of the 
individuals of each caste to any particular factor. The absence of 
leadership and the apparent dead level of individuality in each caste 
make social progress in any strict sense impossible. Probably prog- 
ress in the insect community can occur only with evolution of castes 
and instincts, in whatever way this takes place. 

That social integration among human beings is fundamentally 
psychic in character needs no proof. In its simpler forms it may be 
largely instinctive, but in its higher development it becomes con- 
scious and intelligent and in modern society group self-conscious- 
ness has developed rapidly and is obviously of fundamental impor- 
tance for the future progress of society.! Unquestionably human 


1 See for example McDougal, ‘20. 
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social integration is a matter of the behavior of human beings, partic- 
ularly with respect to each other, and at the foundation of that be- 
havior as of the individual organism, lie the physicochemical proc- 
esses of excitation and transmission in human protoplasms and 
their significance as correlative factors in the organism. In human 
integration transmissive correlation within the cerebral cortex has 
become the chief factor, or to speak in psychological terms, the de- 
velopment of human society represents the progressive dominance 
of the idea and its effects upon behavior. 

This brief and fragmentary consideration of relation and integra- 
tion among organisms is sufficient to show that the fundamental 
factors in such integration are the excitatory or sensory impressions 
determined in individual organisms by other organisms and the 
effects of such impressions upon behavior. In its simpler forms such 
integration may be little or nothing more than a tropism or a trial- 
and-error reaction in which individuals react to each other simply 
as a part of their environment. In somewhat more highly developed 
forms of animal integration more or less blind and stereotyped in- 
stincts are brought into play by the sensory impressions, and the 
integration becomes more distinctly social in character, though not 
necessarily involving any conscious factor. Some forms of animal 
integration, particularly among the higher vertebrates, appear to 
involve some degree of consciousness of the group, doubtless vague 
and rudimentary. And finally, the higher forms of integration 
among human beings involve not only consciousness but self-con- 
sciousness of the group. With evolution of the nervous system and 
its behavior mechanisms the fundamentally psychic character of 
integration among individual organisms becomes always more dis- 
tinct. 

In preceding chapters I have attempted to show that the individ- 
ual organism as an integration or pattern represents the behavior 
of a specific protoplasm with certain hereditary potentialities in a 
certain physical environment. The nature of such behavior depends 
of course upon the behavior mechanisms present in the specific pro- 
toplasm. That the integration of individual organisms into groups 
or patterns of a higher order of magnitude is fundamentally depend- 
ent on behavior is a self-evident fact. As the character of the partic- 
ular organism depends primarily upon the specific constitution of 
its protoplasm and the behavior mechanisms resulting from this 
constitution, so the character of a particular integration among or- 
ganisms depends primarily upon the sort of organisms concerned 
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and the behavior mechanisms which they possess. With the devel- 
opment of excito-motor behavior and its mechanisms in the individ- 
ual organism new potentialities of physiological integration arise 
and similarly with the evolution of excito-motor behavior and its 
mechanisms new potentialities of integration among organisms arise. 
We may analyze these into social and non-social, conscious and un- 
conscious integration, etc., but the point which I wish to emphasize 
is that, from the viewpoint of behavior, synthesis is also possible. 
From the individual organism onward through various forms of in- 
tegration of organisms, we are dealing with the reactions of specific 
living systems to their environments, including other living systems, 
and with the laws which govern those reactions. The degree of com- 
plication of mechanism differs enormously, but, if we admit that 
man is a part of organic nature, then we must also admit physiolog- 
ical continuity from the simple excitation-transmission gradient to 
the complex workings of the human mind in its social relations. And 
at this point the question arises whether the synthesis is completed 
with the recognition of such continuity. This question is dealt with 
in following sections. 


FACTORS OF SOCIAL INTEGRATION 


Association—In the organism the association of cells or other 
parts in normal development usually represents rather an incom- 
plete dissociation or separation than an active coming together of 
independent individuals. Under experimental conditions, however, 
isolated cells not too far distant from each other do move toward 
each other and aggregate into masses (Roux, 94; H. V. Wilson, 
07, ’11). In certain cases, e. 9., cells of sponges, these aggregates, 
if exposed to an environmental differential may become new indi- 
vidual organisms. In such cases active association does occur, sup- 
posedly through the action of chemical substances given off by the 
cells. The swarm spores of certain simple plants also undergo 
normally an active association to form multicellular individuals of 
more or less definite form and _ cell-configuration (R. A. Harper, 
718 a, b). 

The basis of social integration is likewise association of individ- 
uals and such association may be predetermined and passive, so far 
as the individual is concerned, or it may be active. For example, 
the individual is born into a group as a new cell arises by division 
in an organ, but he associates actively with other individuals, whether 
it be in a conflict of interests or under the compulsion of a common 
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instinct, the stress of a common emotion, or the influence of a com- 
mon purpose. 

The question of the basis of the gregarious character of man has 
been much discussed. According to some authorities it originates 
in the family, according to others it results somehow from the essen- 
tial likeness of human individuals. Some assume a gregarious im- 
pulse as given, 7. e., as of biological origin, others maintain that the 
human being was originally non-social and that association has arisen 
secondarily through natural selection, through fear of the non- 
human environment, etc. It seems scarely necessary, however, to 
base all human association on a single primary factor. Why may 
not the factor determining association differ under different condi- 
tions? As a matter of fact, we see association taking place on the 
basis of fear, of pleasure, of curiosity, and apparently of simple im- 
itation, and in such associations instinctive factors may be far more 
important than intelligence and purpose. On the other hand, as- 
sociation may occur on an intelligent self-conscious basis, with a 
definite purpose in view. 

Historically it appears probable that two factors have been largely 
concerned in development of association among human beings 
and their predecessors in evolution. In the first place, the devel- 
oping consciousness must become increasingly subject to the feel- 
ing of fear, unrest, discomfort, or helplessness, as it becomes in- 
creasingly aware of the world about it and its mysterious and often 
injurious action. Association, whether instinctive, or conscious 
and purposive, lessens these feelings, perhaps in part by directing 
attention elsewhere, and the individual is more comfortable. Biolog- 
ically it is undoubtedly possible for association to develop on a pure 
trial and error basis and it is not improbable that even among hu- 
man beings a trial and error factor, 7. e., in the broad sense a pleas- 
ure-pain factor, plays a considerable réle in the more primitive and 
rudimentary sorts of association. 

A second factor in association, not only of human beings, but of 
many animals, is the family or its biological basis, the sex relation. 
Attention has already been called to the fact that the family in some 
form exists temporarily, periodically or permanently among many 
organisms and in the social insects constitutes the basis of a complex 
social integration; moreover, sex relation is of course a general 
biological phenomenon. This relation affords a biological basis for 
association of individuals and it is evident that, because of its univer- 
sal occurrence it may serve as the starting point and play an im- 
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portant réle in associations which really depend on other factors. 
For example, the association of male and female and later of their 
offspring with them, undoubtedly lessens the fear or discomfort aris- 
ing in isolation and so may become the basis of the clan, of the blood- 
bond and of various other associations. But it serves as a basis 
simply because it represents a primitive biological relation between ini- 
dividuals, not because it is fundamentally social in any strict sense. 
In other words, we see various other associations developing his- 
torically out of the family, not because it is a fundamental or nec- 
essary factor in such associations, but simply because it antedates 
them. The boy’s “gang” originates in a primitive and rudimen- 
tary sort of association just as truly as does the clan and many other 
social groups of primitive races, but the gang is quite independent 
of the family, while the primitive clan usually has some relation to 
it. In short, it seems possible that the conception of the family as the 
basis of social integration involves a confusion of historical sequence 
in development of human society, with cause and effect. From the 
biological viewpoint, association of individual organisms, whether 
human or non-human, appears to originate in many different ways, 
according to conditions, and the relation of the family to social as- 
sociation in any strict sense appears to be secondary and incidental 
rather than fundamental. The family may antedate historically 
various forms of association, but it is by no means necessary to their 
genesis. 

Correlation between individuals. — In the integration which con- 
stitutes the biological organism physiological correlation between the 
unit parts, cells or cell groups integrated is a fundamental factor. 
The “organism as a whole” consists of all the parts plus all the phys- 
iological relations between them and the wholeness of the organism 
consists in the relations between the parts rather than in the parts 
themselves (Chaps. III, V). The distinction between material and 
dynamic correlative factors drawn in Chapter V has made it possible 
to advance another step in the analysis of the wholeness of the organ- 
ism. Consideration of the biological data in the light of this distine- 
tion has forced us to the conclusion that certain dynamic factors, 
viz., excitation and its transmission in living protoplasm, constitute 
the fundamental factors in organismic integration (Chaps. V-Xx]). 
Excitation and its transmission constitute the basis of what we call 
behavior in organisms and if we admit that they are the fundamental 
factors in organismic integration we must also admit that the indi- 
vidual organism is a behavior pattern or integration in a specific pro- 
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toplaam (Chap. XII). The metabolic or physiological gradient, 
which in its simplest form is essentially an excitation-transmission 
gradient, is the primary factor in determining the differentiation and 
integration of the living units into a whole. This gradient originates 
in a differential relation to environment, but once present it may per- 
sist through processes of reproduction and so be inherited. 

Turning to social integration, it is evident that it, like organismic 
integration, depends primarily on correlation between the individuals 
constituting the social entity or group. Moreover, social correlation 
is fundamentally dynamic rather than material, that is to say, it con- 
sists primarily in the transmission from one individual to another of 
energy changes which affect the sense organs. The transmission in 
this case is not of course through a physically continuous protoplasm, 
but through other physical media, but this social correlative factor 
originates in excitatory and transmissive changes in one individual 
or group and results finally in excitatory and transmissive changes 
in the other individuals affected. This is true whether the correla- 
tion consists in the instinctive or intelligent behavior of one individ- 
ual or group of which others become aware through sight, hearing 
or other senses, or whether communication occurs directly by signs, 
speech, direct, or transmitted by telegraph, telephone, etc., or by 
writing, books, or other indirect means. 

We may say then, I believe, that social integration, like organismic 
integration, depends primarily upon dynamic correlation of excita- 
tory-transmissive character. The excitatory and transmissive proc- 
ess as a whole may be enormously more complex than in physio- 
logical integration, and may consist in part of physiological processes 
in protoplasm and in part of transmission of energy changes in some 
physical medium intervening between the living individuals. Even 
in its simplest forms social correlation originates in the behavior of 
individual organisms or groups and in its highest forms among men 
it originates in an effective idea, with all that the term implies of phys- 
iological or psychic complexity. Organic continuity in the biological 
sense does not exist, but the individual plus the means of communica- 
tion constitute the morphological organ of communication. Sociol- 
ogists have often pointed out that the tool, the instrument, in fact, 
any fabrication, becomes in a sense an organ when used by man in 
the control of the environment. We may even go a step farther than 
this and say that speech makes the atmosphere, sight, the ether, an 
organ of social correlation, as truly as protoplasm is an organ of phys- 
iological transmission. But whether or not we admit such analogies, 
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the important point is that the media of the natural environment, or 
man-made tools and instruments do provide a basis for dynamic con- 
tinuity between individuals. This continuity is even more effective 
as a substratum for social correlation than the protoplasmic substra- 
tum of the individual for physiological correlation. 

It is evident that even the simplest forms of social material cor- 
relation, 7. e., of barter and exchange, or commerce, are impossible 
without such dynamic correlation. We cannot conceive of social 
integration as originating in material exchange between individuals 
or groups without such transmissive correlation, direct or indirect. 
Material exchange, commerce, is unquestionably a factor of great im- 
portance in social differentation and integration, but that it is the 
primary factor, I think no one believes. Since the theory of formative 
substances was advanced by Sachs many biologists have maintained 
that physiological integration originates in such material transport 
alone, but this conception ignores completely the fact that irritabil- 
ity and capacity for transmitting excitation are fundamental proper- 
ties of protoplasm, and that material exchange can become an order- 
ing and integrating factor only when different regions, cells or parts 
have already become different. Similarly, material exchange is sig- 
nificant, as a social and integrating factor only secondarily, 7. e., when 
some sort and degree of differentiation and integration already exist. 

From this viewpoint physiological and social integration both rep- 
resent the integration of living systems into larger wholes through the 
agency of dynamic correlation. At the one extreme, the simple organ- 
ism, the initiating factor is the relatively simple protoplasmic excita- 
tion resulting from relation to environment which is transmitted 
through protoplasm, at the other, intelligent integration among hu- 
man beings, it is an idea and unless we assume psychic autonomy in 
the individual, this idea must have originated in some individual or 
individuals at some time through excitatory changes in relation to 
environment. To serve as a basis of social correlation such an idea 
must aot only be communicated, but must be effective in determining 
the behavior of individuals with respect to others. Whatever the 
idea may be psychologically, it is certainly represented physiolog- 
ically by excitatory and transmissive processes and the simple proto- 
plasmic excitation which determines a temporary or permanent trans- 
mission gradient constitutes the first physiological step toward the 
idea. 

Leadership, dominance and subordination. — The consideration 
of physiological integration in the individual organism has led us to a 
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conception of physiological dominance and subordination as a funda- 
mental factor in such integration (Chaps. iV, X). It has also been 
pointed out that this physiological relation of dominance and subor- 
dination arises as an essential feature of excitation and its transmis- 
sion. In the simplest case the region of primary excitation dominates 
other regions to which the excitation is transmitted, because through 
the transmitted excitation it determines their physiological condition 
at least for the moment. When a physiological gradient has been es- 
tablished the region of highest metabolic rate, 7. e., the region which 
is living most rapidly or intensely, is the dominant region. Because 
of its physiological condition it reacts more rapidly or more intensely 
to external factors than other parts and so influences the condition 
of other parts to a much greater degree than they influence it. Else- 
where I have endeavored to show that this relation of dominance and 
subordination is a fundamental factor in development and that nerv- 
ous dominance and control in general and more specifically the dom- 
inance of the cephalic nervous system in the higher animals, is a phys- 
iological consequence of the relation of dominance and subordination 
in the simple physiological gradient (Child, ’21 a). 

Moreover, the dominant region is not merely a pacemaker in de- 
velopment and function, but is a factor in determining the differen- 
tiation of subordinate parts (Chaps. VIII-X). The cells of the organism 
differentiate along different lines, not because of inherent specific 
differences, but because of the differences in their relations to other 
cells and to the external world. Speaking in general terms we may 
say that the relation of dominance and subordination creates the 
axiate organism. Through this relation the course of development of 
individual cells or cell groups is determined and controlled. Different 
cells become different from each other and from that which they 
would have been in the absence of this relation. 

In fact, an analysis of physiological integration leads us to a concep- 
tion of physiological leadership, based primarily on dynamic factors. 
Physiologists have recognized clearly the existence of such dominance 
or leadership in the “pacemaker” of the heart and various other 
rhythmic organs (pp. 149-151) and the dominance of the growing tip 
and of other regions of relatively high activity in plants has long been 
known to the botanists (pp. 62, 139). The development of zoology 
along predominantly morphological lines has led to structural rather 
than dynamic conceptions of the animal organism, and the zoologist 
has not always found it easy to attain any idea of “the organism as a 
whole,” It is evident, however, that the orderly behavior of the 
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organism in development and function must be determined either by 
an effective physiological dominance or leadership of some sort, or by 
some metaphysical principle such as Driesch’s entelechy, and the evi- 
dence points us to the first alternative. 

Sociology, like zodlogy, has not always been clear as regards the 
part played by leadership in social integration. Not infrequently a 
“social impulse,” the “social mind” or the “ethnic mind,” or some 
other basis of integration has been conceived as if it existed somehow 
apart from, and superior to, the individual. On the other hand, the 
fundamental importance of leadership for any except the most rudi- 
mentary social integration has been pointed out again and again. It 
seems evident that social integration cannot develop very far without 
some sort of leadership, whether personal or impersonal, autocratic 
or representative. But leadership is dominance of some sort, either 
of the person, the group or the idea, and involves subordination, vol- 
untary or involuntary, of those who are led. 

Rudimentary and temporary integrations among human beings 
may occur with very little evidence of leadership. For example, the 
crowd, the horde, ete., may be without definite leadership, but if we 
watch its formation we observe temporary, evanescent and shifting, 
leadership. The crowd began with a single individual or a small 
group and this individual or group represents for the time being the 
leader. Others observing, join the group and thus in their turn serve 
as leaders for still others and so the process goes on. But until some 
definite and more or less persistent leadership arises in it, such a 
crowd is a mere aggregation of individuals. It is, in fact, much like 
a cell aggregation without a definite axiate pattern, or like an unstim- 
ulated Ameba. The appearance of leadership may determine a more 
or less definite new pattern, as in the case of Amaba pp. 57-59). 

The simplest sort of organismic pattern is the surface-interior pat- 
tern (pp. 38, 57, 93), which represents merely the differences between 
parts directly exposed to environment and those not so exposed. 
Here the only dominance or leadership is that of the surface, as con- 
trasted with the interior. Certain simple social integrations resemble 
very closely this surface-interior pattern and even show a morpholog- 
ical differentiation in relation to it. For example, the wagon trains 
crossing the western plains in earlier days often made camp, when in 
hostile Indian country, by disposing the wagons in a circle with wo- 
men and children inside this circle and the men, or part of them, 
patrolling the periphery. Where the methods of travel and transport 
are still primitive and subject to attack by bandits or hostile tribes 
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some such kind of camp is still very generally found, and in some parts 
of the world the primitive village shows a somewhat similar surface- 
interior pattern. 

In such pattern the periphery, because of its more direct relation 
to environment, dominates the interior in certain respects, but no 
other leadership is apparent in the pattern. Undoubtedly the origin 
of the idea of this sort of camp involved leadership, and the arrange- 
ment of the camp in a particular case may be determined by a leader, 
or where environmental conditions have made such a pattern nec- 
essary in the past, the idea in impersonal form, 7. e., as custom, tra- 
dition, dominates. The pattern itself, however, is directly related to 
environment, and since there is no environmental differential in dif- 
ferent radii which determines differences of reaction there is nothing 
more than surface-interior pattern. Moreover, there may be no fixed 
differentiation of individuals in such pattern. If the camp is composed 
entirely of men, each of them will probably take his turn in patrolling 
the periphery. As in the surface-interior organism, the differentation 
in such cases is directly determined by relation to environment. 

If such a camp is attacked at one point of its periphery, it may be- 
come for the time being and in some degree axiate, with the region of 
greatest activity and dominance at the point of attack. Attack at 
another point of the camp determines reaction there and with the 
repulse of the attacks and recovery from the excitement reversion 
to the surface-interior pattern may occur. Such change resembles 
in some respects the formation of a pseudopod in Ameba, but the 
pseudopod usually represents a reaction of avoidance or escape rather 
than of resistance and co is more or less definitely localized on other 
portions of the surface than that directly subjected to disturbance. 

Such social integration is of course very simple and rudimentary 
and, as noted above, is directly related to environment. Whenever 
human beings or the higher animals aggregate into a group, such 
surface-interior pattern must necessarily develop to some extent be- 
cause of the different relations to environment of the superficial and 
other portions of the aggregation. Both biologically and socially it 
is the simplest form of integrative pattern possible among the living 
units concerned. 

It is evident, however, that social integration cannot proceed very 
far without definite and relatively permanent leadership, embodied 
in a person, a group, or a body of tradition, custom, law, ete. Asa 
matter of fact, we find the relation of dominance and subordination 
an essential factor in the progress of social, as of biological organiza- 
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tion. In certain primitive forms of social pattern dominance may 
be exercised by an individual with a club, in others by the patriarch, 
the “old man” of H. G. Wells, in still others by the medicine man, 
the supposed possessor of magical or occult powers and so on. In all 
these cases, however, the dominance is essentially psychic and involves 
first the idea of fear, reverence, superstition, and second the effect of 
this idea in determining behavior. The excitation of protoplasm and 
its transmission is effective as an integrating factor, only as it alters 
the pirotoplasm and determines its behavior, and similarly the idea 
is effective socially, only as it determines behavior. With the prog- 
ress of social integration the personal factor in dominance becomes 
more and more completely replaced by the impersonal factor, the 
idea, in the form of tradition, law, custom, etc. In earlier times the 
dominance of the monarch was to a considerable extent personal, 
but with the progress of time the monarch came to be more and more 
an institution, 7. e., the embodiment of an idea far greater than him- 
self, to which he personally was subordinate. In all the more highly 
developed institutions of modern society, such as the nation, the 
church, the dominance of an idea as the effective agent in determin- 
ing behavior is clearly evident. 

Recognition of this dominance of ideas in social integration has 
been perhaps the chief factor in leading the sociologist to regard bi- 
ological analogies as at best remote and of little practical value. 
Moreover, the conceptions advanced by certain schools of sociology 
of the group-mind, the social mind, the ethnic mind as the source of 
the dominant idea seem to separate sociology and biology still fur- 
ther. But when we examine the basis and processes of integration, 
rather than merely their morphological or functional results, the 
physiological integration of the organism and the psychic integra- 
tion of human society seem to show certain fundamental similarities 
or identities. 

The origin of the dominant idea. — Tracing briefly the origin of 
the dominant idea, it may be pointed out, first, that the group mind 
or social mind consists of the minds of the individuals composing the 
group plus all the relations between these minds. Jn the final analy- 
sis the first approach toward the dominant idea, whether instinctive 
or intelligent, must have originated in the mind of some individual, 
or possibly in the minds of several or many individuals at about the 
same time. Moreover, it must have originated either in the reaction 
of some individual or individuals to environmental factors differ- 
ent from those affecting other individuals. or in differences in indi- 
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viduals, such that under the same environment the idea or its found- 
ation arose in the minds of one or more of them, but not in the minds 
of others. 

In the one case the leadership or dominance results directly from 
the environmental differential. ‘The man who has had experience 
along certain lines has usually developed ideas which the man without 
such experience is not likely to have. In the other case leadership 
depends on the intrinsic differences between individuals. The per- 
sonal leader is a more or less ‘‘exceptional” individual, and a domi- 
nant idea may originate in a mind which reacts to a given environ- 
ment in a way different from that of most minds. In this latter case 
the basis of the social integration is already present in the intrinsic 
differences between individuals, and all that is needed is a particular 
environment, in other words, “the right time” or ‘‘the psychological 
moment” to make the integration real and effective. 

The intrinsic differences between individuals must of course have 
been determined in some way, either through differences in the past 
history of the individuals or by heredity. But we do not believe that 
the hereditary differences between individuals arose “spontaneously,” 
without cause. They must have been determined originally by rela- 
tions between a germ plasm and its environment, but we have at pres- 
ent no conclusive evidence that these relations are of the sort postu- 
lated by the Lamarckian theory. The important point is that the 
innate differences between individuals, which make of one a leader or 
the originator of a dominant idea, and of another a follower, must 
have originated at some time in the past in the relations between 
protoplasms and their environments. That is to say, in spite of its 
psychic character, dominance in social integration, whether personal 
or impersonal, is not independent of the external world in its origin. 
According to the biological viewpoint, each human being is what he 
is because of present and past relations to environment of his proto- 
plasm and the protoplasms from which it has arisen. In short, dom- 
inance in social, as in physiological integration, must originate in re- 
action to an environmental differential. 

The dominant idea does not remain unchanged, but undergoes 
more or less rapid change and development. It usually becomes more 
distinct and definite in certain respects, but may be greatly modified 
in the course of time by the additions and other alterations which it 
undergoes in the minds of the individuals composing the group. 
Through the action of so-called social heredity the dominant idea 
may become or include a great body of tradition, law, custom. In 
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the case of a great modern nation, for example, the idea of the nation 
which, through its effect on the behavior of the individuals composing 
it, is the dominant factor in the integration, is now exceedingly com- 
plex and its content is very different from that of the dominant idea 
of tribe, clan, gang, ete., from which it has developed. It is commonly 
less effective in controlling, as a formal custom or tradition, the mi- 
nuter details of individual behavior, as it does in many primitive 
societies, but at the same time it may be more effective as a dominant 
idea influencing intelligent behavior. The greater complexity of its 
content makes its influence on the behavior of human beings more 
varied and more far-reaching, consequently it is able to dominate 
and integrate much larger groups with much greater diversity of in~ 
terests than is the primitive idea. The development of physiolog- 
ical dominance in the nervous system may be described in almost the 
same terms. 

Since this relation is a factor in determining the behavior of the 
human individual, it is a factor in making him what he is. His in- 
dividuality is more definite, more highly developed and differenti- 
ated because of his social relations. As in the organism, the changes 
in him go hand in hand with the development of integration. These 
changes may consist of repression or inhibition of certain potential- 
ities and realization and increased development of others, but in any 
case it is sufficiently obvious that the human individual is not simply 
the product of heredity. His social relations, or more specifically, 
his subordination in some way and in some degree to more or less 
definite ideas play a fundamental part in determining the course of 
his thought, his sentiments and his behavior. 

To sum up: it appears that leadership, dominance, the pacemaker, 
play essentially the same rdle in social as in physiological integration. 
Moreover, if the conclusions advanced are correct, there is physiolog- 
ical continuity, not simply from the physiological gradient to the 
fully developed organism, but to the dominance of the idea in intel- 
ligent social integration. 


CHAPTER XVII 


THE COURSE OF SOCIAL INTEGRATION AND THE 
ORIGIN OF NEW GROUPS 


The great modern nation-states represent social integration on the 
largest scale and in the greatest complexity thus far attained. In the 
state, government, 7. e., a relation of dominance and subordination of 
some sort and some degree is a fundamental factor. Even in the 
most primitive associations dominance and subordination are present, 
but as transitory and shifting, rather than definite and persistent 
relations. The crowd may be swayed now by one leader or idea, now 
by another. A party lost in the woods may follow one leader for a 
time and then turn to another, 7. e., dominance may be a matter of 
trial. In the surface-interior integration, the circular camp mentioned 
above, the dominance of the individuals at the surface may be re- 
placed in case of attack by the dominance of a single region of the 
periphery. But in any persistent orderly integration, such as the 
state, government, ?.e¢.,a definite and persistent relation of dominance 
and subordination, exists and on it the orderly character of the state 
pattern depends. In fact, the state possesses social polarity and may 
be termed an axiate social pattern, with government representing 
the dominant region and the various classes and differentiations of 
its members in relation to the government the subordinate regions 
of various levels of the axis. 


PRIMITIVE AUTOCRACY.AND PROGRESS TOWARD DEMOCRACY 


Physiologically the lower and simpler sorts of organismic pattern 
are essentially autocratic in character (pp. 146, 258). The dominant 
region controls other parts in development and function but is 
practically independent of them. For example, the apical region of 
a hydroid, the head of a planarian, is able to develop in the complete 
absence of other parts, but when other parts are present it domi- 
nates them, while they are able to affect it only when strongly excited 
and then only slightly. Such autocratic physiological dominance is 
apparently more highly developed in motile than in sessile forms. The 
motile form resembles an army advancing through hostile territory, 
the sessile form a primitive settled community. 
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We have seen, however, that in the course of evolution and in the 
individual development of higher animals and man there has been 
progress toward a physiological democracy with more or less represen- 
tative government (pp. 257-258). The cerebral cortex of the higher 
vertebrates is a sort of physiological parliament, a deliberative assem- 
bly. Through lower centers it may receive reports from any part of 
the organism and its final action, the efferent impulse, depends upon 
these and upon its records of past events, 7. e., memory. 

That the evolution of the state and nation and of many, if not all 
other social groupings follows in general a similar course seems evi- 
dent. This does not necessarily mean that the autocratic or even 
the oligarchic type of integration is characteristic of all social inte- 
grations or all states among primitive peoples, nor does it mean that 
the autocratic form of dominance always involves personal autocracy. 
With individuals of a low grade of intelligence the autocratic domi- 
nance of the impersonal idea, as given in the body of tradition, cus- 
tom, tabu, etc., may be more complete and effective than that asso- 
ciated with any personality. And it is this sort of autocracy that 
appears to be the characteristic feature of the social integrations 
approaching or attaining state form, as well as of most other insti- 
tutions, among the more primitive peoples. The idea dominates the 
individual and his effect upon it is practically nil. Such an integra- 
tion may persist through long ages, but is rigid and unplastic and 
undergoes little or no evolutionary progress. Like the simpler or- 
ganisms of the autocratic type, it represents a sort of integration, a 
pattern, which has attained the highest development possible with 
that particular protoplasm and environment (Herrick, ’24, Chap. 
XII, first section). In the case of the social pattern, as in the case of 
the organism, changes in the protoplasm through intermixture of 
blood or otherwise, changes in social environment through contact 
with other tribes, peoples or races, or changes in physical environ- 
ment, such as climate, may sooner or later be effective in modifying 
the dominant idea and so in bringing about social progress. 

Even in the great nations of modern times this autocratic domi- 
nance of the idea has by no means disappeared. The events of recent 
years have afforded abundant evidence that national tradition, cus- 
tom, sentiment, are still potent factors in controlling in an autocratic 
way the actions of individuals. But these same events have not been 
without effect in bringing about some degree of modification of the 
dominant ideas, that is, the dominance has not been entirely auto- 
cratic for all members of the group, even though it has been for some. 
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So far as the individual is concerned, this autocratic type of domi- 
nance of the idea is essentially unintelligent. As other parts of the 
more primitive axiate organism are subordinate to the apical region 
or head, so the individual is subordinate to such ideas and is practi- 
cally without influence in modifying them. In fact, autocratic dom- 
inance, whether physiological or social, whether through physical 
force or of purely psychic character, is essentially compulsory and 
not the result of codperation or representation, nor of compromise 
among conflicting views and interests. 

Even in the more primitive axiate organisms the general auto- 
cratic dominance is not absolute, but within restricted limits relations 
of parts may be mutual to a greater or less extent and deter- 
mined by local conditions. Within certain limits of distance trans- 
mission of local excitation may occur in any direction. Within such 
restricted areas there is some approach to physiological democracy. 
With the development of the process of excitation and of special 
transmitting paths of higher conductivity than the general proto- 
plasm, the boundaries of such areas are extended, until in the higher 
vertebrates and man any part of the body may coéperate in determin- 
ing the condition of the cortex, the content of consciousness and the 
resulting efferent impulses. There seems to be little room for doubt 
that it is the development, on the one hand, of the process of excita- 
tion, 7. e., leadership, from its primitive, inefficient protoplasmic 
forms to the highly specialized and efficient nervous type, and on the 
other, of the processes and means of transmission, which have been 
the chief factors in making possible and determining the progressive 
evolution of the organism from physiological autocracy toward phys- 
iological democracy. 

That the development of efficient, 7. e., intelligent leadership and of 
the processes and means of communication between human beings 
and groups are the fundamental factors in the progress of social inte- 
gration is very generally admitted by sociologists. Whether leader- 
ship be primarily a matter of exceptional individuals or consists in 
ideas worked out by the codperation or conflict of many minds, is a 
matter of minor importance. Communication may take place in 
most diverse ways, e. g., by signs, speech, writing, and with the aid of 
various mechanical devices and agencies. But the important fact 
remains, that in social integration, as in the organism, the develop- 
ment of leadership and of communication are the foundations of 
progress. 

It is evident that, as physiological democracy appears, first in 
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limited areas of the organism, so coéperative or democratic and intel- 
ligent social integration appears first in small groups. Under prim- 
itive conditions the means of communication limit narrowly the size 
of the group, and even under the most favorable conditions of modern 
life, though we have greatly extended the range of democratic inte- 
gration and believe that the best way to settle many questions is to 
talk them over, we still go to war to settle some of the larger ques- 
tions. With the development of the means of communication the 
possibility of the appearance of new ideas or effective modifications 
of old ones increases and the range of effectiveness of ideas is extended 
until it becomes unlimited, so far as distance is concerned. At the 
present time the factors of greatest importance limiting human in- 
tegration are differences of language, custom and race. As in the 
case of the higher organisms, mere distance is no longer an effective 
obstacle to integration, as it was in primitive life. 

Even as regards the enormous and highly complex groups repre- 
senting the great modern nations, integration has in many cases pro- 
gressed far toward democracy, at least in political form of govern- 
ment, if not as yet in the intelligent codperation of all individuals 
and in intelligent and purposive modification of the dominant ideas 
underlying the nation. But there can be no question that intelligent 
and purposive progress is gathering headway. In the relations be- 
tween nations, however, the primitive, unintelligent, autocratic dom- 
inance of bodies of tradition, custom, sentiment, still plays a very 
large part. 


SOCIAL ISOLATION AS A FACTOR IN THE FORMATION OF NEW GROUPS 


The part played by physiological isolation in the reproduction of 
new individuals and the reduplication of parts was considered in 
Chapter X. The range of physiological dominance is limited in the 
simpler organisms, and in the earlier stages of development of the 
higher forms, because of the primitive character of communication. 
Parts may become physiologically isolated in four different ways, or 
more strictly speaking, four different factors may be concerned in 
physiological isolation. First, growth and resulting increase in size 
of the whole beyond a certain limit may carry some part beyond the 
range of dominance. Second, decrease in dominance through decrease 
in activity of the dominant region by advancing age, external fac- 
tors, ete., may isolate parts most distant from the dominant region 
without increase in size of the whole. Third, difficulties or obstacles 
in the way of communication may isolate parts physiologically. And 
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fourth, conditions affecting directly a subordinate’ part, increasing 
its activity, or determining new gradients in it to such an extent that 
the original dominance is no longer effective, also lead to physiolog- 
ical isolation. 

The part isolated in any of these ways, if it is not too highly spec- 
ialized, undergoes more or less dedifferentiation, and if the original 
gradients persist in it, or if new gradients are determined by local 
factors, it may become a new complete individual. The result of 
physiological isolation in such cases is the same as that of physical 
isolation. When physiological isolation is not complete, or when 
the part concerned is more or less specialized, it may give rise to a 
new part, a tentacle, a segment, a branch, as in plants, or a new zooid, 
as in colonial animals, and such reduplicated parts may be more or 
less integrated into a more complex individuality. 

The higher the development of physiological correlation and pri- 
marily of transmissive correlation, that is, the better the means of com- 
munication, the less readily and frequently do such physiological 
isolation and reproduction occur and vice versa. In many organisms 
we see such isolations occurring in the earlier stages of development, 
when transmissive correlation is still primitive in character and shows 
a marked decrement, while in later stages isolation becomes impos- 
sible under normal conditions. And finally in the higher animals 
physiological isolation in normal life is limited to very early stages 
of development and even there usually gives rise to reduplicated 
parts, such as segments, rather than to complete individuals. The 
tumors, particularly the malignant forms, probably represent iso- 
lation of cells, but the nature of the conditions determining the iso- 
lation and the continued growth have not yet been determined for 
animals. Apparently the fourth factor in physiological isolation is 
largely concerned here, 7. ¢., direct action, stimulation, irritation of 
the cells concerned until they become so active that they are no 
longer under control. But since cancer occurs chiefly in old individ- 
uals the decrease in dominance in consequence of advance in age 
is probably also concerned. 

In the processes which we may call social reproduction and re- 
duplication of groups, the factor of social isolation in its various forms 
and degrees plays a part essentially similar to that of physiological 
isolation in organisms. Moreover, in the simpler and more prim- 
itive sorts of social groupings four factors similar to those concerned 
in physiological isolation are involved. First, the growth of the 
group, the mere increase in size, tends toward isolation of the parts 


COURSE OF SOCIAL INTEGRATION 293 


least effectively dominated. Growth in size is a factor in social re- 
production in primitive tribes and clans and even in many social 
groups in advanced civilization. A society founded for one purpose 
or another increases in size and becomes unwieldy, too large to han- 
dle its business efficiently, and splits up into several societies or into 
groups or sections, which remain more or less integrated into one 
whole. Social dominance in the simpler forms of the community 
or state is limited in range, and growth favors the appearance of 
new groups, either independent of the old, or as subdivisions of it. 

Second, a decrease in dominance without increase in size of the 
group may constitute a factor in the origin of new social groups. 
This appears most clearly perhaps in groups integrated on the basis 
of a personal leadership. With advancing age, illness, or death of 
the leader, his dominance becomes less effective, and unless there 
is some one to take his place and continue the representation of that 
for which he stood in the mind of the group, a more or less complete 
disintegration of the group may occur, just as some of the simpler 
organisms separate into their constituent cells with the disappear- 
ance of dominance. Or as the original dominance weakens, factions 
may arise within the group, each with its own leader, and so deter- 
mine the origin of new groups as new gradients determine the ori- 
gins of new axes and individuals under similar conditions in organ- 
isms. Even in the nation or state, the government may decrease 
in effectiveness through the weakening or degeneration of the ruler, 
the royal family or the governing class, or through the ineffective 
representation of the dominant idea by the party or group in power, 
and disintegration of the whole, with the formation of independent, 
or partially independent smaller groups may result. Factors of this 
sort evidently played a part in the downfall of the Roman Empire. 

Third, obstacles to communication are powerful factors in social 
reproduction. In its more primitive forms the working of such fac- 
tors is seen very clearly in the influence of geographic obstacles such 
as rivers, mountain ranges, deserts, etc., on social integration. The 
migration of part of a tribe or clan across a mountain range or a 
desert commonly leads to their integration into a new group, more 
or less independent of the old. Even a river may have the same effect 
to a greater or less degree. The more primitive the means of com- 
munication, the more effective are such obstacles and the more lim- 
ited the size of the integrated group or state. Even temporary ob- 
stacles, such as a flood, destruction of a bridge or other means of 
communication across a stream, may, if other conditions are favorable, 
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i. e., at a critical period, result in social isolation and reproduction. 
Again, capture or killing of official couriers, capture of ships, or 
railway trains, the stoppage of transmission of messages by cutting 
the wires or by any other means, all these and many other methods 
of obstruction of communication have played their parts upon oc- 
casion as factors in social reproduction of one kind or another. 

And finally, the local conditions under which some portion of a 
social group finds itself may determine reproduction, that is, its in- 
integration as a new group in spite of the original dominance. A 
new leadership, personal or impersonal, of such force that it is able 
to maintain itself, persist and be effective in spite of the original govy- 
ernmental or other dominance, may arise in this portion. Such leader- 
ship may consist in the “exceptional” individual who promulgates 
new ideas, or the geographic, economic, or other conditions may de- 
termine the working out of a dominant idea or a modification of the 
old, which is effective as an integrating factor. In the separation 
of the American colonies from Great Britain, for example, factors 
of this sort played a part, though they were of course not the only 
factors. The origin of new religious sects often represents a social 
reproduction of this sort and numerous other examples will occur 
to the reader. 

Of course in human society, as in the organism, more than one 
of these four factors of isolation may be concerned in any one case. 
A certain degree of social isolation through increase in size of the 
group, decrease in dominance, or obstructed communication, renders 
the isolated part of the group more susceptible to new personal leader- 
ship or to new ideas arising in relation to local economic or geo- 
graphic conditions. All four factors may be concerned in a particular 
case and any one of the four may be predominant, and it seems to 
be true that all cases of social reproduction, 7. e., of the origin of new 
groups from parts of preéxisting groups, are determined by some 
one, or some combination of these four factors. 

With the development in modern times of the mechanical means 
of communication, mere size, whether a matter of geographic area 
or of number of individuals, is practically eliminated, as it is in the 
higher organisms for essentially the same reasons, as a factor lim- 
iting social integration. The most important limiting factors at 
present are diversity of interests, language, custom, race, etc., 7. e., 
factors of more or less primitive autocratic character. The more 
fundamental social groupings, e. g., the great nation-states, have 
therefore become relatively stable, persistent integrations, and na- 
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tional social development consists largely in the origin and differen- 
tiation of subordinate groups within the nation, in the complication 
of the correlation between them, and in the gradual modification 
of the dominant idea or ideas underlying each group from the nation 
itself down. As in the higher animals, isolation and reproduction 
occur chiefly in the specialized groups subordinate to the whole and 
result in diversity or reduplication of parts, rather than in the for- 
mation of new wholes. 

The forms of physiological reproduction on which this considera- 
tion is based are all primarily asexual or agamic and do not neces- 
sarily involve the union of gametes or sex cells. If, however, we 
examine sexual or gametic reproduction from the physiological view- 
point, it seems to differ from asexual reproduction as a physiologi- 
cal process only in that the reproductive elements are so highly spe- 
cialized in consequence of their past history as parts of an organism 
that isolation alone is not sufficient, except in cases of parthenogene- 
sis, to bring about or initiate reproduction. In addition to isolation, 
certain specific changes, bringing about excitation or acceleration 
of living in the egg, and probably other changes as well, are neces- 
sary and the physiological relations between sperm and egg pro- 
vide these. But in many cases in which the development of the egg 
is initiated in nature by the sperm, it can be initiated experimentally 
by various physical and chemical agents. Viewed physiologically 
then, sexual reproduction seems to be a process depending on isola- 
tion plus a more or less definite or specific excitatory factor. 

The sex cells or gametes are cells so highly specialized that they 
have lost their capacity to react to isolation alone and in nature are 
dependent on each other for further existence and the development 
of a new individual. Sex is obviously a matter of protoplasmic con- 
stitutions or activities, and while some remote analogy to sexual 
reproduction may be found in the effects on society of mixture of 
races, or the effects of new ideas from without in initiating the de- 
velopment of new social groups it is not necessary to force any such 
analogy. Sex in biology represents certain protoplasmic differences 
and their results, including their significance as conditions of certain 
forms of reproduction. It is quite unnecessary for present purposes 
to attempt to determine whether analogous specializations and re- 
productions exist in society, and there appears to be no reason why 
they should exist. The only reason for bringing up the matter of sex 
in this connection is to point out that it is a specialized form of re- 
production requiring special conditions for its occurrence and not 
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a fundamental physiological factor in reproduction in general. Even 
if we seek to parallel physiological and social integration and re- 
production it is entirely unnecessary to look for anything analogous 
to sexual specialization in organisms as a basis for social reproduc- 
tion. 

The chief purpose of this incursion into sociology has been to call 
attention to the fact that between the organism and society as proc- 
esses of integration, certain interesting and significant similarities 
or identities exist. These result, I believe, from the fact that both 
the organism and society represent integrations of living protoplas- 
mic systems through their relations to each other and to other en- 
vironmental factors. The similarity or identity of process seems to me 
the interesting point. Whether society is an organism, whether it 
is morphologically or functionally similar to an organism, are matters 
of minor and chiefly academic interest. But the recognition of sim- 
ilarity in processes of integration among living protoplasmic units 
or systems, from cells or parts of cells at the one extreme to human 
individuals at the other, constitutes one step in synthesis from the 
dynamic viewpoint. 


QUESTIONS OF THE FUTURE 


It has often been said that the purpose and end of science is to 
control and to predict, but in many fields of biology we are still a 
long way from attaining this end and the biological prophet does not 
always prove a safe guide. Nevertheless, life is largely concerned 
with the question of the future, even though it be no more than a 
question, and it is of perhaps some interest to raise the question 
here. In the preceding chapters we have been concerned with the prob- 
lem of the integration of living action systems, or reaction systems 
of specific constitution into larger systems, patterns or wholes. Con- 
sideration of the evidence has led us to the conclusion that from the 
simplest organism to the most complex social group, the process of 
integration is based upon the behavior of the living systems, 7. e., 
upon their reactions to their environment including each other. More- 
over, certain significant and apparently fundamental similarities, or 
in a broad sense identities, in the processes and course of physiolog- 
ical and social integration have been pointed out, and if these 
are admitted we seem to have some justification — though doubt- 
less many sociologists will not agree — for regarding social integra- 
tion as one aspect, plane or order of magnitude of biological in- 
tegration. 
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The evolution of protoplasm and of the potentialities of behavior 
and physiological integration have been going on through millions of 
years, and the beginnings of social integration lie far back in this 
evolutionary history, but social integration among human beings 
is of comparatively recent origin. In the light of the various facts 
and conclusions we may, without assuming the réle of prophecy, at 
least ask the question whether we can find in physiological integration 
any suggestions or indications for the future of human social integra- 
tion. Attention has been called repeatedly in the preceding pages to 
the autocratic character of the more primitive process of physio- 
logical integration and to the progress of the organism toward a 
democracy with representative government vested in a deliberative 
organ connected through various centers with all parts of the body 
and in touch with the external world through the sense organs. This 
type of integration is the one which has thus far proved most success- 
ful and efficient, and it is in this type of integration that consciousness 
and self-consciousness have attained their highest development, 
involving in man conscious recognition of the organism as a whole. 
In such an organism there is governmental control, regulation and 
codérdination of the various parts, but there is also conflict and competi- 
tion. In starvation, for example, we find certain organs maijntaining 
themselves at the expense of others. The different cells as specialized 
parts of the organism are not actually equal, even though they may 
be so potentially. Certain cells, e. g., the muscles, lose their ability 
to function and undergo degeneration when the nerves leading to 
them are cut. The progress of evolution then has apparently not 
been toward a socialistic or communistic form of integration. On 
the contrary, those types of integration which approach communism 
most closely, e. g., the colonial animals such as the sponges, hydroids, 
etc., and the multiaxial plants have been left far behind in the course 
of evolutionary progress and such success as they have attained ap- 
pears to be due to the fact that they are not strictly communistic but 
possess some degree of autocratic or oligarchic dominance. Physio- 
logical anarchy in the simpler forms may result in disintegration of 
the organism as an organism, though its constituent cells may live 
independently or may give rise to new organisms like the old, or in 
its more extreme forms it may give rise to pathological growths such 
as cancer which destroy the organism because they do not react to 
its dominance. 

In short, the course of evolution of physiological integration has 
been in the main toward democracy with representative government, 
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assisted so to speak by experts, the organs of special sense. Autoc- 
racy, on the one hand, and approaches toward communism on the 
other produce only relatively simple organisms. Whether these 
facts have any significance for the future of human society must re- 
main a matter of opinion, but it seems at least to be true that the 
integration of human society is progressing psychologically, in later 
times, to some extent intelligently and self-consciously, toward what 
may be called a democracy of ideas, with representative government, 
7. e., dominance of the most effective ideas, as worked out by the in- 
telligent codperation and conflict of the minds composing the group. 
Even now integration in small groups for special purposes approaches 
this form. The pattern resulting from such integration represents 
in terms of social psychology something very similar to the pattern 
of the higher organisms in terms of physiology. In such a pattern, 
as in the organism, material and transportative, 7. e., commercial 
relations in the broadest sense may play essential parts in deter- 
mining the differentiations of groups within the whole, but they 
are not the fundamental factors in integration (Herrick, ’24, 
Chap. XXI). 

And finally it may be noted that socialistic, communistic and even 
anarchistic schemes of human relationship are such primarily with re- 
spect to material factors. Psychologically every one of them involves 
the dominance of an idea and often this dominance is of the primitive, 
autocratic type. Even the most advanced and intelligent socialistic 
or communistic schemes of human society are such only as regards 
material relations. Psychologically they are democracies, 7. e., democ- 
racies of ideas involving dominance and subordination, codperation, 
competition, conflict and representation. From this psychological 
viewpoint we can see no more indication of approaching socialism or 
communism in human society than in organismic integration. No 
matter what the form of material or commercial relation in human 
society, the fundamental factors in the future progress of social 
integration will be ideas; for even according to the socialistic and 
communistic schemes the ideal society will be socialistic or communis- 
tic only in general political form, but fundamentally it will be a democ- 
racy of ideas. 


CONCLUSION 


In the present book we have been concerned with the dynamics of 
the integration of living systems into systems or patterns of higher 
orders of magnitude. I have attempted to show that from the simplest 
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organism to the most complex human society integration is based on 
the behavior of living protoplasms of specific constitution and there- 
fore shows a certain fundamental similarity or identity in process and 
course of development and evolution. Differences appear with the 
differences in complexity of the behavior mechanisms, whether pro- 
toplasmic or social, but in spite of these differences the fundamental 
similarity is evident. The incursion into the sociological field is the 
result of the belief that the consideration of the organism as a process 
of integration and development of pattern on the basis of behavior 
affords a more adequate formulation for biological approach to socio- 
logical problems than mere morphological or functional analogies 
between an organism and society. How far that belief is justified 
the future must determine. 

In this brief discussion of social integration consideration of many 
points which are of interest from the dynamic biological viewpoint 
has been impossible. For example, the progress and increase in fixity 
of differentiation, and the accompanying loss of the power or growth 
through decrease in birth-rate, or failure to add new members to 
the group, in short, the phenomena of senescence and even of death 
are not unknown in social groups. On the other hand, in the origin 
of new social groups by some form of isolation we often see extensive 
dedifferentiation and reorganization, accompanied by an increase in 
irritability and vigor of the group, in short, a social rejuvenescence. 
Biology has learned something of the conditions determining these 
phenomena and of the methods of control, at least in the simpler or- 
ganisms, and the consideration of certain social problems in the light 
of our biological knowledge is of interest. Again the development of 
barter and exchange, of commerce and its control and regulation may 
well be examined in the light of what we know concerning chemical 
or transportative correlation in organisms. 

Experimental biology aims at the control of processes and _ phe- 
nomena, and so of physiological integration. Intelligent social prog- 
ress is based essentially on the experimental method as employed in 
biology. The earlier analogies drawn between society and the organism 
have been based on the data of descriptive anatomy and physiology, 
but the discussion of social integration in these two chapters is based 
primarily on the conclusions of experimental biology. I have at- 
tempted to show that the results of the experimental method as 
applied to the process of integration of living systems which consti- 
tutes the individual organism seem to throw some light on the in- 
tegrations of organisms including human beings into larger and more 
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complex patterns or groups. If I have succeeded in showing that the 
processes of physiological and of social integration have something in 
common, that they both represent aspects of the behavior of living 
things, the purpose of these chapters as well as of those preceding is 
attained. 
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Abnormal, the: as equilibration, 219, 
220; the conception of, 220; in re- 
constitution, 243. See also Normal. 

Acceleration: excitation as, 49; dif- 
ferential, 84, 85, 86. 

Acclimation: in relation to physiolog- 
ical condition, 77; differential, 82, 
84, 109. 

Aggregation: among animals, 
among cells, 277. 

Alimentary tract, physiological gradi- 
ent in, 90. 

ALLEE, W. C., aggregation among 
animals, 273. 

All-or-none reaction, 186, 196. 

AtvarEz, W. C., gradient in alimen- 
tary tract, 90, 141. 

Ameba: behavior of, 2; surface-in- 
terior pattern in, 57, 132; tempo- 
rary axiate pattern in, 58, 204, 242, 
246, 254; reversibility of excitation 
in, 200; behavior of, in terms of 
tropism theory, 232; protoplasmic 
memory in 249; progressive in- 
tegration in behavior of, 260. 

Antennularia, determination of polar- 
ity in, 54, 116. 

Arbacia: susceptibility gradient in 
blastula of, 79, 81; differential in- 
hibition in, 83; differential acclima- 
tion in, 84; reduction gradient in, 
87, 88; apolar larva of, 106. 

Armadillo, polyembryony in, 163. 

Association: among cells, 277; among 
human beings, 278; factors in human, 
278. See also Integration, social. 

Asterias forbesii: bilaterality in be- 
havior of, 63; modification of de- 
velopment, 105, 106. 

Asymmetry: forms of, 39, 40; in be- 
havior, 66; locomotion in relation 
to spiral, 71; of amphibian leg, 127, 
128; inverse, 167. See also Gradient, 
physiological; Symmetry. 

Autocracy: in physiological dominance, 
146, 258, 270, 288; in social integra- 
tion, 288; of the dominant idea, 


273; 


289. See also Dominance, physio- 
logical; Dominance, social. 


BarTeLMEz, G. W., bilaterality of 
pigeon’s egg, 130. 

Begonia, adventitious buds in, 122. 

Behavior: as reaction to environment, 
1; integration of, 2, 3; protoplasmic 
and organismic, 2, 4; as realization 
of hereditary potentialities, 3, 11; 
physiological and historical aspects 
of, 4, 5; as basis of organismic pat- 
tern, 10, 22, 195; excito-motor, 11, 
226, 229, 251; in relation to excita- 
tion and transmission, 15, 52, 191, 
197; codrdination in, 35; in relation 
to polarity and symmetry, 61; of 
echinoderms, 64; versatility in, 68; 
origin of nervous system in proto- 
plasmic, 111; in relation to excita- 
tion-transmission gradients, 197; as 
regulation, 226, 228; in relation to 
life, 227, 238; usefulness of, 227; 
useless and injurious, 228; potential- 
ities of, 228; trial and error in, 230, 
260; tropisms in, 230, 263; reflex, 
233; evolution primarily concerned 
with mechanisms of, 236; creative 
character of, 241; fixed and modifi- 
able, 252; nervous system and 
modifiability of, 256; in relation to 
cerebral cortex, 257; instinctive, 
264, 267; intelligent, 265; in social 
integration, 267, 271, 277; founda- 
tions of human, 269. 

Beuuamy, A. W.: differential modifi- 
cation of development of frog, 106, 
108; ovarian egg of frog, 98, 99. 

Berason, H., élan vital, 241. 

BERNSTEIN, J., theory of excitation- 
transmission, 176. 

Block: as factor in physiological isola- 
tion, 156; of nerve impulse, 159. 

Borutrau, H., theory of excitation- 
transmission, 176. 

Bosz, J. C., theory of excitation- 
transmission, 176. 
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Boveri, T.: polarity as gradation, 74; 
polarity of sea urchin’s egg, 129. 

Bracuet, A., bilaterality in frog’s 
egg, 130. 

Brissopsis lyrifera, bilaterality and 
locomotion in, 66, 67. 

Bryophyllum: action of gravity on, 54; 
dominance in, 158; physiological 
isolation by block in, 159. 

Bryopsis, determination of polarity by 
light in, 115. 


Carey, E. J.: mechanical factors in 
differentiation, 50; mechanical fac- 
tors in rhythmic response, 185. 

Carson, A. J., secretin and gastrin, 
7 footnote. 

Cassiopea xamachana: dominance in, 
64; transmission in, 64, 187. 

Cell, the: in relation to organism, 2, 8, 
25; as elementary organism, 20; 
whole germ plasm inherited by, 22, 
25; behavior of, 58, 59, 60, 71; gra- 
dient in, 76 footnote, 79, 80, 87, 88, 
98, 99, 100; as surface-interior pat- 
tern, 93, 131, 132; accumulation of 
fat in, 97; changes in gland, 97; 
epithelio-muscle, 111; isolation of 
sexual, 170; aggregation, 277. 

Cerebral cortex, 257, 265, 289. 

Chetopterus pergamentaceus, structure 
of egg of, 99, 100. 

Chronaxie, 177. 

Coxe, L. J., starfish rays not physio- 
logically equivalent, 65. 

Conduction. See Transmission. 

Conifer, reaction to removal of tip in, 
62: 

ConkLin, E. G.: reaction to environ- 
ment in development, 23; hypothesis 
of elastic structure in eggs, 136. 

Correlation, physiological: kinds of, 
34; transportative, 44; dynamic, 
47; yolk as factor in transportative, 
101; as basis of equilibration, 217, 
251. 

Correlation, social: among different 
species, 272; as factor in social in- 
tegration, 279, 290; dynamic, 280; 
material, 281. 

Corymorpha: decrease of polarity in 
short pieces of, 117; biaxial forms in 
117, 118; obliteration of gradient in, 
119; determination of new gradient 
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in, 119, 120; adventitious budding 
in, 123, 124. 

Crystal: hemoglobin, 26; organismic 
pattern as analogous to, 26. 

Ctenophore: gradient in plate row of, 
90; dominance and subordination in 
plate row of, 141; pacemaker in 
plate row of, 149; rate of transmis- 
sion in plate row of, 190. 

Cyclopia: in Planaria, 107, 108; in 
fishes and amphibia, 108. 


Day, L. M., and Brentiry, M., be- 
havior of Paramecium, 261. 

Decrement: in transmission of excita- 
tion, 51, 152, 186, 195, 198; in nerve 
fiber, 191; in certain regions of reflex 
arc, 197. 

Democracy: in physiological integra- 
tion, 146, 258, 270, 288, 290; in so- 
cial integration, 288, 291, 297; ap- 
pears first in small groups, 291. 

Dero limosa, susceptibility gradient 
in, 80, 81. 

Development: mosaic, 11, 146, 244; 
of Fucus, 60; of hydroid, 63; dif- 
ferential modification of, 80, 104; 
teratological, 86; non-specificity of 
differential modifications of, 86; 
adventitious, 122; as behavior, 193; 
constancy in, 211; normal and ab- 
normal, 216, 217; as regulation, 223, 
224, 226; as realization of new pat- 
terns, 241; as modification by ex- 
perience, 248; of leadership and 
communication in social integration, 
290. See also Differentiation. 

Dewey, J., sterility of conception of 
organism as primarily independent 
of external world, 30. 

Dichotomy: as equal division of dom- 
inant region, 126; in plants, 161, 
162; experimental, 161; in armadillo, 
163; physiological processes in, 165; 
conditions favoring, 165; different 
degrees of, 166. 

Differentiation: in relation to specific 
and dynamic factors, 53, 100, 282; 
in relation to physiological gradients, 
80, 95, 102, 109; in relation to theory 
of qualitative nuclear division, 95; 
definition of, 96; in relation to oxida- 
tion-reduction, 97; in Chetopterus 
egg, 99, 100; of nervous system, 
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110; social, 269. See also Develop- 
ment. 

Diurella tigris: spiral asymmetry of, 
39, 40; locomotion of, 71. 

Dominance, physiological: as funda- 
mental feature of organismic pattern, 
34, 56, 138; in reflex arc, 36, 138, 141; 
in relation to different patterns, 40; 
in relation to excitation, 51, 152, 
206, 282; in conifer, 62; in coral, 62; 
in celenterate, 63; in echinoderms, 
64; in relation to dichotomy, 126, 
160; in relation to gradient, 138, 145, 
206, 208, 282; in plants, 139; in 
animals, 140; functional, 141; in 
various organs, 141; in development, 
141, 144; in reconstitution of Pla- 
maria, 142; independence and, 145; 
autocracy and democracy in, 146, 
258; pacemaker as region of, 149; 
range of, 153, 155, 169; blocking of, 
156; insensitiveness to, 159; dichot- 
omy in relation to, 160; polytomy 
in relation to, 168; size in relation to, 
169; primitive form of, 207; nervous 
and chemical, 208; cerebral cortex 
in relation to, 257, 265. 

Dominance, social: ideas in relation 
to, 281, 285, 289, 298; in social in- 
tegration, 281, 283; in surface-in- 
terior integration, 284; primitive 
forms of, 285; personal and imper- 
sonal factors in, 285; in relation to 
individual, 285, 286, 287; autocracy 
and democracy in, 288, 297; social 
isolation through decrease in, 293; 
increase in range of, 294. See also 
Dominance, physiological. 

Driescu, H.: entelechy, 20, 31, 216, 
241; argument against ““machine- 
theory,” 31; definition of regula- 
tion, 216. 


Earthworm: electric polarity in 92; 
reconstitution of head in, 143; re- 
constitution of cephalic ganglia in, 
144. 

Echinoidea, bilaterality in, 67. 

E1sg: determination of polarity in 
Fucus, 58, 60; susceptibility gradient 
in Phialidium, 79, 80; reduction 
gradient in Stomotoca, 87, 88; re- 
duction gradient in Arbacia, 87, 88; 
polarity of Sternaspis, 98; yolk 
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gradient in frog, 98, 99; axial dif- 
ferentiation in Chetopterus, 99, 100; 
origin of gradients in, 129, 130; 
stability of pattern in, 244. 

Electric current: determination of po- 
larity by, 75 footnote, 112, 115; in 
transmission, 179, 188, 189. 

Entelechy, 20, 31, 216, 241. 

Environment: behavior as reaction to, 
1; organisms in relation to, 9, 10, 12, 
29, 205, 210, 287; material and 
dynamic relation to, 12, 17; me- 
chanical and excitatory relation to, 
13; excitation as non-specific, dy- 
namic relation to, 17; as factor in 
development, 23, 30, 287; plasma 
membrane as reaction to, 24; excita- 
tion as reaction to, 49; pattern as 
factor in reaction to, Chap. VI; 
gradients in relation to, Chap. IX, 
200, 210; dominance and isolation 
in relation to, Chap. X; standard- 
ization of, 211, 220, 222, 223, 228; 
regulation as adjustment to, 215; 
modifiability in relation to, Chaps. 
XIV, XV; social integration as re- 
action to, 271. See also Behavior; 
Heredity. 

Epigenesis: elementary organism in 
relation to, 19; organism in terms 
of, 20, 29. 

Equilibration: life as, 8, 10, 15; in 
relation to physiological condition, 
78; in acclimation and recovery, 78; 
in regulation, 217; useless and in- 
jurious processes of, 220; in develop- 
ment, 223; life as, 226, 238; in rela- 
tion to evolution, 236; organism as, 
238. See also Regulation. 

Equisetum, determination of polarity 
by light in, 115. 

Evolution: organism as product of, 5; 
autocracy and democracy in, 146, 
258, 288, 297; of excitation and 
transmission, 184; standardization in, 
220, 222, 223, 228; in relation to 
equilibration mechanisms, 236; cer- 
tain factors in, 236; as equilibration, 
242, 247; stabilization of organismic 
pattern in, 247; as behavior of 
germ plasm, 248; social, 288, 297. 

Excitation: in relation to environ- 
ment, 13, 17, 212; as primary factor 
in behavior of organisms, 15, 191; 
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in relation to life, 15, 183, 184; in 
relation of organisms to each other, 
16, 192, 272, 276, 280; all proto- 
plasm capable of, 49; in relation to 
organismic pattern, 50; in relation 
to dominance, 138, 208; nature of, 
173, 190; theories of, 175, 176, 178; 
in relation to metabolism, 180, 182, 
190; models of, 181; as acceleration 
of rate of living, 183; different de- 
grees of, 183, 197; different rates of, 
183; rhythmic, 184; all-or-none type 
of, 186, 196; specialization of, 190; 
summation of, 198; reversibility of, 
198, 204; in development, 222; in 
social integration, 272, 276, 280. 
See also Transmission. 


Family, the: among animals, 274; 
among human beings, 278; social 
significance of, 278. 

Fission, as result of physiological isola- 
tion, 153, 154, 155. See also Dichot- 
omy. 

FLEXxNER, S., cephalic ganglia in re- 
constitution of Planaria. 

Frog: yolk gradient in egg of, 98, 99; 
obliteration of bilaterality in, 106; 
cyclopia in, 108; determination of 
bilaterality in, 115, 130; dominance 
of dorsal lip region in, 144; modifi- 
ability of reflex behavior in, 235, 262. 

Fucus: determination of polarity in, 
27, 58, 115, 135, 202, 203, 242; de- 
velopment of, 60; persistence of 
axiate patterns in, 58, 135, 242; pro- 
toplasmic memory in, 249. 


GALvANI, L., electric stimulation, 175. 
Galvanotaxis, in relation to physiolog- 
ical gradients, 89. 
GuaseEr, O., locomotion in starfish, 66. 
Gouprars, A. J., cephalic ganglia in 
reconstitution of earthworm, 144. 
GowantocH, J. N.: differential ac- 
celeration in fishes, 85, 86; oblitera- 
tion of gradient in fish heart, 91, 141. 

Gradients, axial, 74. See also Gra- 
dients, physiological. 


Gradients, metabolic, 74. See also 
Gradients, physiological. 
Gradients, physiological: in  trans- 


mission, 51, 186, 196, 254; in Ameba 
pseudopod, 58, 204; nature of, 74, 
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evidence for existence of, 74; in cell, 
76 footnote, 79, 80, 87, 88, 98, 99, 
100, 131; double, in segmented 
animals, 81, 92; in organs, 90; quan- 
titative character of 91; in develop- 
ment of organs and parts, 92; pri- 
marily superficial, 92; developmental 
alterations in, 92; as physiological 
axes in simplest terms, 93; in relation 
to surface-interior pattern, 93; as 
basis of differentiation, 95; origin of 
qualitative differences from, 96; in 
animal eggs, 100, 129; in relation to 
localization and differentiation, 101; 
in localization and differentiation of 
nervous system, 110, 209; in relation 
to polarity of neuroblasts, 111; ex- 
perimental determination of, 114; 
determination by light, 115; de- 
termination by electricity, 115; 
determination by gravity, 116; de- 
termination by differential exposure, 
117, 201; determination by localiza- 
tion of growth, 119; in adventitious 
buds of begonia, 122; in adventitious 
buds of Corymorpha, 123, 124; in 
adventitious buds of Phialidiwm, 
123, 125; origin of, in relation to 
heredity, 133, 212; not of autono- 
mous protoplasmic origin, 135; dom- 
inance in relation to, 138, 159, 207; 
independence in relation to, 145; 
mosaic development in relation to, 
146; pacemaker in relation to, 150; 
excitation-transmission gradients in 
relation to, 195, 200, 254; as regula- 
tory mechanisms, 224, 226; reflex 
are in relation to, 235; stability of, 
242, 244, 245; developmental modifi- 
ability in relation to, 245; mnemic 
conception of, 249. See also Dom- 
inance, physiological; Pattern, ax- 
iate; organismic. 

Gravity: localizing action of, 54; de- 
termination of polarity by, 54, 116. 


Harenactis, determination of new po- 
larity in, 119, 121. 

Harrison, R. G.: stereochemical con- 
ception of symmetry, 28, 110, 122; 
localization of primordia, 121; re- 
duplication of amphibian leg, 126. 

Harvey, E. N., transmission in 
Casstopea, 187. 
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Heart: as gradient, 90, 141; modifica- 
tion of beat in, 91, 141; pacemaker 
in, 149. 

Hersrunn, L. V., electric charge of 
protoplasm, 179 footnote. 

Heredity: of protoplasmic constitu- 
tion, 5, 8, 24; not alone concerned 
in organism, 11, 24, 29, 41, 44, 210; 
cell in relation to, 22, 24, 138; partic- 
ulate theory of, 22, 24; individual in 
relation to, 22, 24, 25, 29, 210, 286; 
in development of nervous system, 
118; of gradients in eggs, 129, 130; 
physiological gradients in relation 
to, 133; normal and abnormal de- 
velopment in relation to, 221; 
mnemic conception of, 248; behavior 
in relation to, 252; modifiability in 
relation to, Chaps. XIV, XV; tro- 
pisms in relation to, 263; instinctive 
behavior in relation to, 264; social, 
286. 

Herinc, E.: theory of excitation- 
transmission, 176; memory as func- 
tion of organized substance, 248. 

Hermann, L., theory of excitation- 
transmission, 175, 176. 

Herrick, C. J.: excitability in evolu- 
tion of intelligent behavior, 15; cor- 
relation centers as regions of dom- 
inance, 140 footnote; spontaneity as 
factor in evolution, 186. 

Hertwic, O., primordial substances in 
development, 20. 

Heterochronism, 177. 

Hint, A. V.: absence of temperature 
change in nervous transmission, 178 
footnote, 182. 

Hinricus, M. A., differential suscepti- 
bility to ultraviolet light, 76 foot- 
note, 109 footnote. 

Holothurian, axiate pattern in, 67. 

Hoorweg, J. H., theory of excitation- 
transmission, 176. 

Hormones: supposed specificity of, 7; 
role of, 45. 

Hérmann, G., theory of excitation- 
transmission, 176. 

Hurp, A. M., polarity of Fucus, 60, 
115: 

Huxtey, J. §., susceptibility and sur- 
face exposure, 80 footnote. 

Hydra: differential susceptibility to 
aie agwlee light, 76 footnote. 
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Hydroid: development of, 63; new 
polarities in, 117, 118, 119, 120, 123. 

Hyman, L. H.: Ameba pseudopod as 
gradient, 58, 204, 254; gradient in 
vertebrate heart, 90, 141; head re- 
gion in oligochetes, 143; reconstitu- 
tion in oligochetes, 243. 

Hyman, L. H., and Bretuamy, A. W.: 
axial potential difference, 89; gal- 
vanotaxis in relation to gradient, 89. 


Indophenol, differential formation of, 
87. 

Ingvar, S., determination of polarity 
by electric current, 112, 115. 

Inhibition: in relation to excitation, 
49; differential, 82, 104, 108, 243. 

Institution: as social pattern, 270; 
organism as, 270; significance of idea 
in, 285. 

Integration, physiological: of behavior, 
2, 260; organism as, 9, 33; dominance 
and subordination in, 34; factors in, 
43; mechanisms of, 43; rédle of chem- 
ical correlation in, 45; réle of trans- 
mission in, 50; regulation in, 225; 
excito-motor behavior as, 251; in 
trial reactions, 260; in tropism, 264; 
resembles social, 270, 285, 296, 299. 

Integration, social: réle of excitation 
in, 16, 272, 276, 280; as behavior, 
267, 271, 275; among animals in 
general, ‘267, 271; instinctive be- 
havior in, 267; resembles physiologi- 
cal, 270, 285, 296, 299; foundation 

of, 271; as reaction of individual to 
others, 271; among insects, 272, 274; 
sireineance of family in, 274, 278; 
psychic character of, in man, 275; 
intelligent behavior in, 275; associa- 
tion as factor in, 277; correlation as 
factor in, 279, 290; dominance and 
subordination in, 281; significance 
of ideas in, 281, 285, 289, 298; rudi- 
mentary and temporary, 283; sur- 
face-interior, 283; origin of dominant 
idea in, 285; modification of domi- 
nant idea in, 286, 295; in the state, 
288; autocracy and democracy in, 
288, 297; lack of plasticity in auto- 
cratic, 289; limiting factors in, 290, 
291; adcialistic and commiunistic, 
297, 

Isolation, physiological: in relation to 
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gradient, 138; results of, 151, 292; 
in relation to range of dominance, 
153, 291, 292; in Planaria, 153; 
through increase in size, 155, 291; 
through decrease in dominance, 
156, 291; through block, 156, 291; 
through action on subordinate part, 
159, 291; in repetitive series, 160; 
in relation to sex cells, 170; af cer- 
ebral cortex, 265. See also Dom- 
inance, physiological. 

Isolation, social: as factor in social 
reproduction, 292; through increase 
in size, 292; through decrease in 
dominance, 293; through obstacles 
to communication, 293; through 
local conditions, 294. 


JENKINSON, J. W.: bilaterality of frog 
egg, 115, 130; polarity of sea urchin 
egg, 129. 

JenninGs, H. S.: behavior of Ameba, 
59; versatility of starfish, 68; spiral 
locomotion, 71, 72; relation of be- 
havior to internal processes, 227; 
behavior as regulation, 228; trial 
and error in motor behavior, 230, 
260; conception of tropism, 231, 263; 
conception of physiological state, 
240, 259, 260; laws of behavior, 251; 
avoiding reaction of Paramecium, 
261; law of resolution of physiolog- 
ical states, 263. 


Keiuuer, V. H., cephalic ganglia in 
reconstitution of Planaria, 148. 


Lapicquz, L., theory of excitation- 
transmission, 177. 

Leadership: among animals, 274, 275; 
among human beings, 281; physio- 
logical and social, 282; sociological 
significance of, 283, 290; in surface- 
interior social integration, 284; re- 
action to environment in, 285; ap- 
pearance of new, 294. See also 
Dominance, physiological; Domi- 
nance, social. 

Levi, G., size of nerve cell and of 
animal, 144. 

Lewis, M. R. and W. H., rhythmic 
contraction in tissue culture, 184. 

Light: investigation of protoplasm 
with polarized, 27; determination of 
polarity by, 27, 58, 115, 135; dif- 
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ferential susceptibility to ultraviolet, 
76 footnote, 109 footnote; in relation 
to bilaterality of frog egg, 115. 

Linuiz, F. R.: cytoplasmic structure 
of Chetopterus egg, 99, 100; effect 
of centrifuging on egg polarity, 100, 
136; polarity of Chetopterus egg, 
129; reconstitution in Dendrocelum, 
243. 

Linuirz, R. 8., theory of excitation- 
transmission, 178. 

Limnodrilus claparedianus, 
bility gradient in, 80, 81. 

Localization: definition of, 96; of yolk 
in eggs, 98; experimental alteration 
of, 102, 144; of nervous system, 110. 

Locomotion: of Ameba, 57; of star- 
fishes, 65; of echinoids, 67; spiral, 71. 

Loss, J.: determination of polarity by 
gravity, 54, 116; experiments on 
Bryophyllum, 54, 158; rhythmic con- 
traction in salt solutions, 184; tro- 
pism theory, 230, 263. 

Loss, J.,and Bancrort, F. W., ex- 
perimental changes in sperm head, 
133. 

Lunp, E. J.: rate of regeneration in 
Obelia, 75 footnote, 112, 115; de- 
termination of polarity by electric 
current, 112, 115. 


suscepti- 


Macatuium, A. B., origin of bioelec- 
tric currents, 176. 

Macropodus viridi-auratus, differential 
acceleration in, 84, 85. 

Marchaniia, 33, 40. 

Material, in relation to pattern, 4. 

Mayer, A. G., transmission in Cas- 
stopea, 64, 187. 

McCativM, W. B., physiological iscla- 
tion in plants, 157. 

MEISENHEIMER, J., internal secretions 
of sex organs, 7 footnote. 

Memory: physiological, 248, 262; in re- 
lation to physiological gradients, 249. 

Membrane, plasma: as reaction to 
environment, 24; in relation to 
transmission, 179. 

Metabolism: specific and non-specific 
factors in, 7; in relation to physio- 
logical gradients, 74; in relation to 
susceptibility, 76, 78; in relation to 
permeability, 86; in relation to 
potenital difference, 89; in relation 
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to differentiation, 96; in origin of 
egg gradients, 129; of nerve fiber, 
178; in relation to excitation, 180, 
182. 

Methylene blue, axial gradients in re- 
duction of, 87. 

Metzgeria, dichotomy in, 161. 

Modifiability: of organismic pattern, 
239; in relation to external and in- 
ternal factors, 239, 240; of develop- 
mental pattern, 240; in relation to 
developmental stage, 241, 252; in 
relation to differentiation, 242, 243; 
in relation to region of body, 243; 
in relation to physiological gradients, 
245, 254; of excito-motor behavior, 
251; in relation to cerebral cortex, 
257; in relation to physiological 
state, 258; of physiological state, 
260; of trial and error behavior, 260; 
of tropism, 263; of instinctive be- 
havior, 264; of intelligent behavior, 
265. 

Modification: of development through 
differential susceptibility, 80, 81, 82, 
83, 84, 85, 86; development as, 240; 
of behavior, 251; of dominant idea 
in social integration, 286, 289, 291. 
See also Modifiability. 

Moors, A. R.: réle of nervous system 
in galvanotaxis, 89; metabolism 
of nerve fiber, 178 footnote. 

Moraan, T. H.: cell and heredity, 22, 
95, 133, 193; organism as a whole, 
22; on differentiation, 23; polarity 
as gradation of materials, 74, 136; 
reconstitution of head in earthworm, 
148. 

Morcan T. H., and Dimon, A. C., 
electrical polarity in earthworm, 92. 


Neoplasm: in relation to physiological 
isolation, 170, 292; as result of 
physiological anarchy, 297. 

Nernst, W., theory of excitation, 177. 

Nerve, metabolism in, 178, 182. 

Nervous system: dominance and sub- 
ordination in, 35, 208; in galvano- 
taxis, 89; in relation to physiological 
gradients, 110, 193, 208; reconstitu- 
tion of, 143, 144; independent dif- 
ferentiation of 143, 144; influence of 
peripheral parts on, 144; origin of, 
234; in relation to modifiability of 
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behavior, 256; significance of cere- 
bral cortex, 257; stability of, 260. 

Newman, H. H.: differential suscepti- 
bility in hybridization, 86; twinning 
in armadillo, 163. 

Normal, the: in relation to regulation, 
216, 219, 223; from physiological 
viewpoint, 218; significance of con- 
ception of, 218, 239, 241; and abnor- 
mal, 219; in relation to development, 
221; as result of standardization, 
220, 222, 236, 240. 


Obelia, rate of regeneration in, 75 
footnote. 

Ophiura brevispina, locomotion of, 65. 

Organism: behavior of, 1; pattern of, 
4; as system of protoplasms, 9; in 
relation to environment, 9, 10, 12, 
193; simplest kind of, 10, 24, 38; as 
behavior pattern, 10, 11, 23, 29, 42, 
193, 229; as realization of hereditary 
potentialities, 11, 24, 29, 41, 44, 133; 
excitation in behavior of, 15; as 
non-specific dynamic pattern, 17; 
as a whole, Chaps. III, V, 134, 193, 
207, 282; elementary, 18; predeter- 
ministic and epigenetic conceptions 
of, 20; as representing heredity 
plus environment, 29; compared to 
flowing stream, 237, 247; as process 
of equilibration, 238; the social, 269; 
as institution, 270. See also Pattern, 
organismic. 

Organismic, meaning and use of term, 2. 

Oxidation: in relation to susceptibility, 
78; gradients of, 87, 88; in relation 
to differentiation, 97; in nerve fiber, 
178, 182; in excitation, 180, 182, 
190, 191. 


Pacemaker, dominant region as, 149, 
282. 


Pancreas cell, periodic changes in, 97. 


Paramecium: asymmetry in, 39; avoid- 
ing reaction of, 261; modification 
of behavior in, 261. 

Pattern, axiate: in relation to heredity, 
25; stereochemical theories of, 25, 
26, 28, 110, 122, 130; non-specific 
character of, 28, 33, 91; in relation 
to formative substances, 28; in- 
heritance of, 30; in Planaria and 
Marchantia, 33; various forms of, 
39; as basis of dominance, 40; in 
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relation to behavior, 61; as codrdi- 
nate system, 73; in relation to proto- 
plasmic structure, 75; in relation to 
rate of development, 75; in relation to 
rate of reconstitution, 75; in relation 
to susceptibility, 80, 104; oblitera- 
tion of, 82, 106; in relation to perme- 
ability, 80; in relation to oxidation- 
reduction, 87; in relation to electric 
potential difference, 87; in relation 
to galvanotaxis, 89; in relation to 
respiration, 90; quantitative char- 
acter of, 91; developmental changes 
in, 92; as basis of localization and 
differentiation, 95; in eggs, 98, 129; 
constancy of, 211; cerebral cortex 
in relation to, 257; resemblance of, 
to state, 270; in social integration, 
284. See also Gradients, physiolog- 
ical; Pattern, organismic. 

Pattern, organismic: scale of, 4, 8, 44; 
as a physiological unity and order, 
4; as factor in behavior, 5, 10, 33, 
61, 252; in relation to environment, 
8, 10, 30, 42, 193, 212, 239; evolu- 
tionary modification of, 9; as be- 
havior pattern, 10, 23, 193, 205; 
dynamic character of, 17; predeter- 
ministic and epigenetic conceptions 
of, 20; stereochemical theories of, 
25, 26; dominance and subordina- 
tion in, 34; polarity and symmetry in 
relation to, 36; excitation and trans- 
mission in relation to, 50; alteration 
of, by behavior, 70; modifiability of, 
239; tropisms in relation to, 263. 
See also Pattern, axiate; organismic; 
protoplasmic; surface-interior. 

Pattern, protoplasmic: nature of, &: 
in relation to organismic pattern, 9, 
34, 40, 41. See also Pattern, or- 
ganismic. 

Pattern, social: institution as, 270; 
similar to organismic, 270; among 
animals, 271; factors of, 277; dom- 
inance as factor of, 281, 285; surface- 
interior, 283; axiate, 288; evolution 
of, 288, 297, effect of isolation on, 291. 
See also Dominance, social; Integra- 
tion, social. 

Pattern, surface-interior: as relation 
to environment, 24, 132; in simplest 
organisms, 38; in relation to be- 
havior, 57; only persistent pattern 
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in Ameba, 58; in relation to gra- 
dients, 93; cell pattern as, 93; in all 
organisms, 94; origin of, 131; in cell 
masses, 132; nucleus in relation to, 
133; in social integration, 283. 

Parrerson, J. T., twinning in arma- 
dillo, 163. 

PENFIELD, W. G.: gradient in ureter, 
91 footnote; functional dominance 
in ureter, 141. 

Pentacta frondosa, 
locomotion in, 67. 

Permeability: gradients in, 86; of 
neuroblasts, 111; change of, in ex- 
citation, 179, 180. 

Phialidium gregarium: development 
of, 63; susceptibility gradients in 
development of, 79, 80; differential 
inhibition in, 82; differential reduc- 
tion of KMnOQ, in, 87, 88; adventi- 
tious budding in, 123, 125; polarity 
of egg of, 129. 

Photolysis, as means of demonstrating 
gradients, 76 footnote, 109 footnote. 

Physiological state: conception of, 240, 
259, 260; law of resolution of, 263. 

Planaria: behavior of different cells 
of, 25, 111, 248, 246; polarity and 
symmetry in, 33, 39, 242; gradient 
in rate of reconstitution in, 76; 
photolytic susceptibility of, 76 foot- 
note; localization of parts under 
different conditions, 103; differen- 
tial inhibition of head development 
in, 107, 108, 243; biaxial forms in, 
117, 119, 159; dominance in recon- 
stitution of, 142; self-differentiation 
of head in, 142; reconstitution at 
different body levels of, 152; physio- 
logical isolation in, 153; decrease of 
dominance in, 156; experimental 
dichotomy in, 161; negative geotaxis 
in, 228; reaction to food in, 262. 

Polarity: stereochemical theories of, 
25, 26, 130; in Planaria and Mar- 
chantia, 33; in relation to organismic 
pattern, 36; of Fucus egg, 27, 58, 
115, 135, 202, 208; as factor in be- 
havior, 61; reversal of, in hydroids, 
63; as gradient, 74; obliteration of, 
82, 106, 136; of Sternaspis egg, 98, 
129; of frog egg, 99; of Chetopterus 
egg, 99, 100, 129; of neuroblasts, 
111; experimental determination of, 


bilaterality and 
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114; inheritance of, in eggs, 129; 
social, 288. See also Gradients, 
physiological; Pattern, axiate; Sym- 
metry. 

Polarization, electric, as factor in 
transmission, 175, 177, 179. 

Polytomy, 168. 

Potential, electric: axial differences in, 
87; in relation to metabolism, 89; 
in relation to transmission, 179. 

Predeterminism: elementary organism 
in relation to, 19; organism in terms 
of, 20, 26; fundamental difficulty of, 
29, 30; in relation to neo-vitalism, 31. 

Protoplasms: behavior of, 2, 24; spe- 
cific differences in constitution of, 
6, 7; non-specific factors in, 7, 25; 
integration of, in organisms, 8, 41; 
in relation to environment, 12, 13. 

PrzispraM, H.: crystalline and organ- 
ismic form, 26 footnote, 110, 127; 
reduplication of parts, 127. 


Rann, H. W., physiological dom- 
inance in hydra, 141. 

Recovery: in relation to physiological 
condition, 77; differential, 84, 109. 

Reduction: of KMnO,, 87; of methylene 
blue, 87. 

Reduplication: of amphibian legs, 126; 
of parts in general, 127. See also 
Dichotomy. 

Reflex: dominance and subordination 
in, 36, 188; as functional unit, 112, 
234; physiological gradient as sim- 
plest, 112, 256; in behavior, 233; 
in relation to course of development, 
233; in relation to trial reaction and 
tropism, 235; modifiability of, 235, 
262; integration of, 256. 

Regulation: of function, 214, 219, 220; 
of form, 214, 221; as return to nor- 
mal, 215, 218; definitions of, 216; as 
equilibration, 217, 218; usefulness of, 
219; normal and abnormal in, 219, 
220; in development, 221; as repair 
process, 221; development as, 223; 
physiological gradient as mechanism 
of, 224; in physiological integration, 
225; life as, 226; in relation to be- 
havior, 228, 232; historical aspects 
of, 235; modification of, 242, 243. 

Reicuert, E. T., differentiation of 
starches, 26. 
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ReIcHeErtT, E. T., and Browy, A. F., 
crystalline forms of hemoglobin, 26. 

Reproduction: of main axis in conifer, 
62; physiological isolation in agamic, 
153; dichotomous, 160; polytomous, 
168; gametic, 170, 295; social, 292. 
See also Isolation, physiological. 

Rhythmicity: in muscle, 184, 185; in 
nervous discharge, 185. 

Rirrer, W. E.: on integration and 
differentiation, 2 footnote; proto- 
plasms versus protoplasm, 6; funda- 
mental importance of chemical cor- 
relation, 46. 

Romangs, G. J., nerve impulse in 
Aurelia, 64. 

Roux, W.: qualitative nuclear divi- 
sion, 21, 95; conception of develop- 
ment, 210, 216; definition of regula- 
tion, 216; normal and regulatory 
development, 221. 


Sea urchin: axiate pattern in, 67; 
polarity in egg of, 129. See also 
Arbacia. 

Self-differentiation: of head in Plan- 
aria, 142; of cephalic nervous system, 
143, 144; in development in general, 
244. 

Self-excitation, 15, 184, 185. 

Semon, R., mnemic conception, 248. 

Suetrorp, V. E., reactions of fishes to 
toxic substances, 220. 

Size: of nerve cell and of animal, 144; 
in relation to physiological isolation, 
155; conditions limiting, 169, 192, 
291; in relation to social reproduc- 
tion, 292. 

SmrrH, 8., behavior of Paramecium, 261. 

Society: organs of, 268; as superor- 
ganismic pattern, 271; as process of 
integration, 296. 

Sociology: concerned with animals as 
well as man, 267; biological, 268; 
leadership in, 283. 

SprMaNnn, H., “organizer” in am- 
phibian development, 144. 

Spirostomum, susceptibility gradient 
in, 80. 

Sponge: reduction gradient in, 87, 88; 
determination of new polarity in, 119. 

Standardization: of conditions in evo- 
lution, 211, 212, 220, 222, 223, 228, 
of behavior mechanisms, 236. 
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Starfish: polarity and symmetry in, 
38; locomotion of, 65; versatility of 
68; modification of development in, 
105. 

Stenostomum: susceptibility gradient 
in, 80, 81; physiological isolation in, 
154, 155. 

Stentor, differential susceptibility to 
ultraviolet radiation, 76 footnote. 

Sternaspis, polarity in egg of, 98, 129. 

StrocxarpD, C. R.: cyclopia in fishes, 
108; twinning in fishes, 166. 

Stolen, of hydroid as inhibited gradient, 
124. 

Stomotoca atra, reduction gradient in 
egg of, 88. 

Subordination, physiological. See Dom- 
inance, physiological. 

Substances, formative: in relation to 
polarity and symmetry, 28; chemical 
correlation fundamental in theories 
of, 45, 281. 

Summation, in reflex arc, 198. 

Susceptibility: in relation to physio- 
logical condition, 76; differential, 76, 
80, 104; to ultraviolet radiation, 76, 
109; significance of, 77; non-specific 
and specific features of, 77, 78, 91; 
axial differences in 80; methods of 
demonstration of, 80. 

Symmetry: stereochemical theories of, 
25, 26, 28, 110, 122, 130; in Planaria 
and Marchantia, 33; in relation to 
organismic pattern, 36; in relation 
to dorsoventrality, 37; forms of, 38; 
behavior in relation to radiate, 63; 
behavior in relation to bilateral, 68; 
as gradation, 74; as physiological 
gradient, 74; in relation to suscepti- 
bility, 76; modifications of, in Arba- 
cia, 83, 84, 106; obliteration of bilat- 
eral, 105, 106; inverse, 126, 128, 167; 


origin of, in eggs, 130. See also 
Gradients, physiological; Pattern, 
axiate. 

TasHiro, S., metabolism of nerve 


fiber, 178, 182. 

Tolerance: in relation to physiological 
condition, 77; to toxic substances, 
220. See also Acclimation. 

Transmission: as excitation of one 
region by another, 49; in relation to 
organismic pattern, 50; decrement 
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in, 51, 186, 195; in scyphomeduse, 
64; nature of, 173; theories of, 175, 
176, 178; in relation to metabolism, 
181, 182; models of, 181; without 
decrement, 188; in relation to be- 
havior, 191, 253; in relation to 
modifiability, 254; in social integra- 
tion, 272, 276, 280. See also Exci- 
tation. 

Trial and error: theory of, in motor 
behavior, 230; mechanisms of, 231; 
in relation to tropism and reflex, 
235, 263; modifiability of, 260. 

Trophallaxis, 275. 

Tropism: definitions of, 230, 231; 
mechanism necessary for, 232, 263; 
in relation to trial reaction and re- 
flex, 253; modifiability of, 263. 

Tubularia: gradient in rate of recon- 
stitution in, 75; localization of parts 
under different conditions, 102; de- 
crease of polarity in short pieces of, 
117; biaxial forms in, 117, 118; 
dominance and subordination in, 
141; localization of hydranth in, 148; 
physiological isolation in, 155; de- 
crease of dominance in, 156; ten- 
tacles in reconstitution of, 169. 

Twinning: in armadillo, 163; physio- 
logical processes in, 165; situs inver- 
sus viscerum in, 167; mirror~imaging 
in, 167. See also Dichotomy. 


Ureter: gradient in, 91 footnote; func- 
tional dominance in, 141. 


VerRworn, M., theory of excitation- 
transmission, 177. 

Vitalism: elementary organism in re- 
lation to, 19; organism in terms of, 
31; chief service of, 31; invalidity of 
Driesch’s argument for, 31. 


Watt er, A. D., metabolism in relation 
to bioelectric phenomena, 176. 

WEISMANN, A.: determinants, 19, 21; 
theory of qualitative nuclear divi- 
sion, 21, 95, 210. 

WHEELER, W. M., trophallaxis, 275. 

Witson, H. V., development from 
fragments, 243. 

WINTREBERT, P., rhythmic contrac- 
tion of myotomes, 184. 

Woop-Jonss, F., dominance and sub- 
ordination in coral, 62, 156. 
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